
MIST-FLOW HEAT TRANSFER 
USING SINGLE-PHASE 
VARIABLE-PROPERTY APPROACH 

CZeveZul.zd, Ohio 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D .  C. DECEM'BER 1967 

/ 



I 

ERRATA 

NASA Technical Note D-4165 

THERMODYNAMIC PROPERTIES OF POTASSIUM TO 2100' K 

By Sheldon Heimel 

September 1967 

Page 13: The reference number in line 17 should be 8. 

Page 13: The reference number in line 18 should be 7. 

Page 16: The equation number in line 13 should be (7). 

Page 21: The equation in line 6 should read 

Page 21: The equation in line 8 should read 

Page 24: In the key in figure 4 the first item should read "Experimental 
data (ref. 9). ? '  

Page 28: In line 22 of the right column the definition of HT should read 
"enthalpy of real gas at To K. ? '  

Page 29: In line 22 of the right column the units for (AS;) should read 
V 

cal/(mole) (0; J/(mole) (OK). 

NASA-Langley, 1967 Issued 12-U-67 

I 



TECH LIBRARY KAFB, NM 

I111111 IIIII 11111 1ll1l1111111ll IIIII Ill1 Ill1 

MIST-FLOW HEAT TRANSFER USING SINGLE-PHASE 

VARIABLE-PROPERTY APPROACH 

By Yih-Yun Hsu, Glenn R. Cowgill, and Robert C. Hendricks 

Lewis Research Center 
Cleveland, Ohio 

NATIONAL AERONAUT ICs AND SPACE ADMINISTRATION 

For sole  by the Clearinghouse for F e d e r a l  Scient i f ic  and T e c h n i c a l  lnformotion 
Springfield,  V i rg in ia  22151 - CFSTI price $3.00 



MI ST-FLOW HEAT TRAN SFER U SING S INGLE-PHASE 

VARIABLE -PROPERTY APPROACH 

by Y i h - Y u n  Hsu, Glenn R. Cowgill, and Robert C. Hendricks 

Lewis Research Center 

SUMMARY 

Film-boiling mist flow is treated as a single-phase flow with properties being 
synthesized from those of liquid and vapor phases weighted according to  their respective 
volume fraction. Such a synthesizing approach renders it possible to  apply the technique 
for single-phase turbulent flow to the two-phase flow. Computational results for film- 
boiling hydrogen at low pressure predicts the experimental data within 25 percent; the 
deviation between the analytical and experimental results increases gradually with in- 
creasing pressure.  Further analysis showed that the deviation was due to  the assump- 
tions of a thermodynamic equilibrium and homogeneous distribution of void. A simpli- 
fied design method is proposed so that the heat-transfer coefficient can be calculated 
from the Dittus-Boelter equation by specifying a reference temperature and a reference 
void fraction for computation of properties. The coefficient for determining such a 
reference temperature and void is primarily a function of the bulk void fraction. 

INTRODUCTION 

In the aerospace and nuclear engineering fields, two-phase flow problems are 
frequently encountered. Among these, the problem of film-boiling two-phase flow is of 
particular importance to  regenerative cooling of a rocket engine. This phenomenon 
occurs in the cooling passage where the wall temperature is usually several  hundred 
degrees above the boiling point of the liquid coolant. 

Numerous efforts have been directed toward the study of film-boiling two-phase 
flow. Most of these efforts were concerned with the accumulation of data to  correlate 
a function of heat-transfer coefficient with a function of flow conditions. 
only limited effort has been applied to the theoretical aspects of the problem. In order 
that present knowledge of single-phase turbulent flow can be transferred to two-phase 
flow, this report proposes a model in which the film-boiling mist flow is treated as a 
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single-phase flow of a fluid with variable properties. The variable properties are 
synthesized from the liquid and gaseous properties weighted according to  their respective 
volume fractions (i. e. , void and holdup). 

In the following sections, this model using the variable-property approach will be 
postulated, and the computed values of heat flux for a given wall temperature and flow 
condition at a pressure of approximately 50 psia (34.5 N/cm ) for boiling hydrogen 
flowing upward in a vertical tube will  be compared with existing experimental data. 
design purposes, a simplified scheme will a lso be proposed to  provide the reference 
temperature and void for evaluating a set of film properties so that the conventional 
Dittus-Boelter equation can be used. Finally, some results of the analysis at higher 
pressures  (up to  170 psia; 117 N/cm ) will be discussed. 

Film -boiling two-phase flow has been studied experimentally by many researchers 
(e. g. , refs. 1 to 5). References 1 and 2 present empirical correlations of heat-transfer 
coefficient as function of a parameter ht, which is similar t o  that used in correlating 
two-phase pressure drop (refs. 6 and 7). References 3 and 4 give the description of 
flow patterns in film-boiling flow. In general, the flow pattern becomes mist when the 
void is high. In reference 8, the existence of a so-called "dry-wall mist-flow" regime 
was noted in two-phase flow when the wall temperature and quality are high. 

As to  the analytical studies of two-phase flow, both Bankoff (ref. 9) and Levy 
(ref. 10) used a single-phase variable property approach with satisfactory results. 
Bankoff's analysis was limited to  bubbly flow; Levy's analysis was  based on a mixing 
length concept, but was also only applicable to  the wetted wall. Unfortunately, neither 
of these excellent analyses could be extended to  film-boiling conditions. Topper 
(ref. 11) also briefly discussed flow behavior in the mist-flow regime. More recent 
contributions to  the film-boiling two-phase flow are made by references 4 and 5. 

One of the important reports on turbulent flow with variable properties, is that of 
Deissler (ref. 12), in which an expression for eddy diffusivity was proposed that takes 
into account both the velocity profile and the physical properties. Deissler's approach 
is versatile and, therefore, applicable to many problems that involve fluids with variable 
properties. Later, for the benefit of design engineers, Deissler and Pres le r  (ref. 13) 
recommended a simplified method for predicting heat-transfer coefficient that makes 
use of a reference temperature for  evaluating properties. 
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ANALYSIS 

In this study, a mist-flow pattern is considered. The velocity and temperature 
profiles are assumed to  be fully developed. The flow is primarily vapor (in volumetric 
fraction), with small  droplets dispersed in it and diffusing toward the wall. The true 
flow is assumed to  be equivalent to  the flow of a single-phase fluid with spatially varying 
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properties, the properties being evaluated from a combination of liquid and vapor phase 
properties weighted according to  the volumetric fraction. Then Deissler ‘ s  approach is 
used to  treat this variable-properties problem. A more detailed description of the 
model is listed in the following sections. 

Basic Assumptions 

(1) The velocity and temperature profiles a r e  assumed to  be fully developed. 

(2) Convective te rms  and viscous dissipation te rms  are neglected from the 

(3) Deissler’s expression for  eddy diffusivities is used. 
(4) The turbulent Prandtl number cm/ct is assumed to  be one so that both eddy 

(5) The properties, p ,  C K, and p ,  are synthesized by the following technique: 

Specifically, acceleration is assumed to have no effect on these local profiles. 

momentum and energy equations. 

diffusivities are denoted by E. 

P’ 

(Symbols are defined in appendix A. ) 

where cp represents the synthesized property; cppl (Tsat) is the liquid property at satura- 
tion temperature and cpv(T) is the vapor property at the local temperature. 

(6)  The void distribution profile is assumed to  be 

CY = 1  
V 

fo r  T > Tsat, that is, in the superheated vapor film, and 

when the saturation temperature is reached. 
(7) The droplets are assumed to  be so small  that the relative velocity of droplets 

with respect to  the vapor velocity is negligible compared with the local axial velocity, 
but may not be negligible when compared with the velocity fluctuation in the radial 
direction. This assumption implies that: 

velocity. 
(a) The relation between void and quality is simplified by neglecting the local slip 
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(b) The droplets, having higher density, would retain their momentum in the trans- 
verse direction without damping when flowing near the wall; whereas, a vapor eddy would 
be damped out as the distance from wall diminishes. Thus, liquid droplets will  be 
assumed to diffuse from the bulk region into the wall region with a diffusivity represented 
by the value of E at the edge of the wall region. These drops impinge on the wall and 
are evaporated. Since these droplets are few in number and their time of travel through 
the superheated vapor in the wall region is short, they do not affect the velocity and 
temperature profiles in the superheated vapor film. The presence of droplets would 
affect the profiles in the saturated core region, however. 

Basic Equations 

Quality and void. - The quality and the mass flow rate can be expressed in te rms  of 
void distribution as 

X = W $ 4’ a p g u 2 a ( r  - y)dy (3) 

If the velocity profile is almost flat in the turbulent core and the laminar part  of 
boundary layer is very thin, the average quality and void can be expressed in simplified 
forms as 

where 

X 

Pv, sat PZ 
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Void distribution. - It is assumed that the liquid concentration profile is analogous to 
the velocity profile; that is, 

o r  

+ 
U 1 - cyv - -- at - - 

9, CL - %,CL U+CL 

Enthalpy. - The enthalpy of the two-phase fluid per  unit volume is 

PH = HZ azPz + H v a g v  

If the datum for enthalpy is set equal to that of the saturated liquid 

Hz = O  

then 

H, = X + JT cp ,v  dT 
Tsat 

o r  

pH = 

Shear-stress equation. - The 
reference 12, as 

Heat f lux  equation. - The heat 

(A + $' Tsat %,v  d T ) o v  

shear s t ress  can be expressed, following 

enthalpy. In analogy to  equation (8) ,  
is transferred through conduction and diffusion of 

aT aH -q = k- + EP - 
aY aY 

(9) 
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From equation (7), the te rm Ep(aH/ay) can beexpanded into 

PI 
1 v p  ay 

+ E ( Y  CY H -- aHV P I  aH - -+ UVHv- - EP - - 
aY aY P aY 

But the last te rm in equation (sa) vanishes when (Y - 0 (close to  the wall) o r  I 
when (aPv/ay) = 0 @v = P,, sat in the two-phase core). Thus, 

aHV pz Ep = ““vpv - + EPvHv-- 
a Y  P a Y  

The heat flux can also be split into two par ts  

aT aT -qc = k- 
aY + E”SvCp, v ay 

is the convective te rm and 

is the evaporative term.  * 

wall region (close-to-wall region) 
Eddy diffusivity. - Deissler’s expressions for eddy diffusivity will t?e used. For the 

For core region (away-from-wall region), 

for f > 2  - 
V 

*It was found through the calculations that, for the range of conditions covered by 
this report, qh, 
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where 

+ Y t P 0  
Y =  

Velocity profile. - A step-by-step integration of the velocity gradient given in equa- 
tion (8) provides an effective determination of the velocity profile 

1 d u -  TO 

r0 dy pV + EP 

or,  in the dimensionless form, 

The present study assumes, by following reference 12, that T / T ~  = 1; thus, 

du' 1 
- N  

dy+ 'v + p + E  - - 
P O  
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Temperature profile. - The temperature profile is determined by integrating the 
temperature gradient given in equation (10) 

or 

dT+ qo. c 

where 

To - T + T =  

The present study also assumes, again following reference 12, that q/q = 1; thus, 
0,c 
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Note that equations (17) and (19) are coupled, because E is determined by velocity and 
properties which, in turn, are functions of temperature. 

Heat-transfer parameter. - In Deissler’s analysis the parameter P is of great 
importance in determining the heat-transfer coefficient. The physical meaning of P can 
be shown as follows: 

(Note: pD is the heat-transfer parameter as given in ref. 12. ) 

where 

du P 
Reo = ___ O - - 2r+u; 

P O  

pr = cP,o’o 
0 

KO 

c 

+ +  The importance of P can be appreciated by observing that even if  T (y ) could be 
made similar to u (y ), the value of temperature difference To - T will vary for any 
one given dimensionless T+ depending upon the selection of P .  Thus, for  each P ,  a 

+ +  
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Nu = f(Re) can be constructed or, alternatively, Nu = f(P, Re). Since the P is not known 
initially, some iterative method has to be used to  obtain the proper 0. In the case of 
forced convection without boiling, the value of P could be determined by matching the 
desired ub and Tb. But, in the case of boiling two-phase flow, the Tb is the satura- 
tion temperature corresponding to the local pressure.  Therefore, T i  is not a function of 
r for  the saturated core. As a result, equation (22) alone is insufficient for iteration. 
Some independent information, such as a friction law or  some other expression for P in 
addition to  equation (22) is needed. Such an equation will be provided in the next section 
by postulating a heat and momentum analogy. 

Stanton number and friction factor (analogy between heat and momentum transport). - 
Dividing equation (10) by equation (8) yields a ratio of heat transport to momentum trans- 
port 

_ _ _ - ~  - - - -  

(24) 

or use the Prandtl number and change the independent variable and equation (24) be- 
comes 

,- --, 
du 7 ( v p v  + E P )  

Now, by integration of equation (24a) over the wall  region where E/V < 2, assuming that 
the coefficient of dT/du can be represented by some mean property (film temperature) 
and that 

the heat-momentum analogy becomes 
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Here, if it is also assumed that, at the edge of the wall region 

then 

The left side of equation (26) may be written as 

Thus, equation (26) becomes 

St, - (++ u p v  + EP cP, v, f 

cP,o ($- 
If it is assumed that the mean value of E / V  between E / V  = 0 and E / V  = 2 is 

E/V = 1, then equation (27) becomes 
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In mist flow, the cyv is usually very close to  unity, thus (Pf/pV,f) fi: 1, and (28) may 
be written 

cP, 0 2 

Combining equation (22) and (29) yields 

(Note: PA is the expression of heat-transfer parameter as derived from momentum and 
heat -transfer analogy) 

Ratio of transverse velocity to  bulk velocity. - In the boiling two-phase flow, evapo- 
ration occurs continuously as the flow proceeds down stream. The flow is constantly 
under acceleration. As evaporation takes place on the wall, expansion of volume occurs, 
which gives rise to a transverse velocity away from the wall. Such a situation is like that 
of a blowing boundary layer. In the blowing boundary layer, one important parameter is 
the ratio of transverse velocity to  the free stream velocity, v/ub (ref. 14). 
boiling two-phase flow, the superficial transverse velocity can be expressed as 

For the 

Thus, the ratio of the two velocities is 

It is interesting to  note that the group s/xpvub can be considered as a special form 
of Stanton number q/AHuPv if AH = X is used in place of AH = C AT. Or it can also 
be shown as a special form of Pgclet number as follows: If the energy balance is written 
as 

P 
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then the normalization of the variables in the equation yields a dimensionless group 
(K/pCpud)(L/d) which is (l/Pe)(L/d). Now, if the energy balance is written as 

pus= aH - _ -  I a (rq) 
ax r ar 

then the normalization process yields a group (%/pu(AH))( L/d). Comparing the two 
dimensionless groups shows that 

It appears that the choice between P6clet number and the group q/Pu(AH) depends on 
the boundary condition. P6clet number will  occur for the constant wall  temperature case 
where AT is a natural choice for normalization while q/pu(AH) will occur for the con- 
stant heat flux case where q is used as the normalization factor. 

COMPUTATIONAL PROCEDURE 

The computations were performed on an IBM 7094-7044 direct-coupled-system. The 
computer program written in FORTRAN IV language is included in appendix A. It makes 
use of given flow conditions to compute the Nusselt number. 

Iteration is used to determine the correct values of aV, cL7 r+ and P .  For 
assumed values of cyV, cL7 r+, and P the differential equations are numerically inte- 
grated until y+ = r+, then Gv and w are computed. If 
desired tolerance) to Zv, w, or if Wcal is not equal (within the desired tolerance) to 

is not equal (within the 

and r+ are changed as follows: ww, then %,CL 

) + 2(%, w - %, cal =a! %, CL, new v, CL, old 

+ -  4- + mew - rold + rold * Wratio 
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where 

and Wcal are within the desired tolerances of CF and ww, PA is 
computed by equation (30). If PA and the assumed P are not within the desired 
tolerance, then the entire iterative procedure is repeated by using this new P .  If PA is 
within the desired tolerance, final results are computed and output is printed. An outline 
of the computational procedure is as follows: 

When %,tal v, w 

(1) Read input, To, Tb, Pb, ww, ub, r, x, and Bv, w. 
(2) Get wal l  properties from To. 
(3) Assume PA. 

(5) Use equations (sa), (12), (13), (17a), and (19a), to get u (y ) and t+(y+) curves 

(6) Compute Bv, x, Nu, T, u*, q, and w. 
(7) If CFv does not check with ZV, w, change cyv, cL, and iterate from step (5) 

(8) If w does not check with ww, iterate from step (4) to (7) by changing r+ until 

(9) After both ww and B are obtained, compute P from equation (30), iterate 

(4) Guess u+ + C Y  
+ +  CL' I- ' CL' 

i - +  until y = r . 

to  (7), until nv = gV, w. 

w M ww. 

v, w 
from step (3) to (9) until P is correct. 

(10) Print out 6, Nu, T ~ ,  Re,, s, w, Bv, and x. 
A more detailed description can be found in the block diagram and the program in 
appendix B. 

DISCUSSION OF COMPUTED RESULTS FOR LOW-PRESSURE DATA 

Typical runs representing film boiling of hydrogen under various experimental con- 
2 ditions (for pressure below 50 psia (34 .5  N/cm )) were selected from the data of refer- 

ence 1. The actual condition of each run was  used as input to the computer program to 
obtain a computed Nusselt number for  comparison with the corresponding experimental 
Nusselt number in reference 1. Computations were performed for experimental condi- 
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tions with To ranging from 246' to 681' R (137' to 378' K), the equilibrium quality 
x 
second (0.0287 to  0.0804 Kg/sec), and the results are tabulated in table I. Plots of 
typical u+(y+) and T (y ) are presented in figure 1. Notice that the T+ profile is flat 
in the core region where T+ is at saturation temperature. 

In this work, the analogy between heat and momentum transfer is invoked in the 
expression for  P in te rms  of q and T (PA of eq. (30)) to apply in conjunction with the 
definition f o r  P (PD in eq. (22)). This new relation enables the evaluation of P by 
iteration because the resulting T and q for  an assumed P must satisfy equation (30) 
if the analogy is correct. In lieu of equation (30), the conventional method for selecting 
6 (ref. 15) would be to iterate against Tb, which, however, is not applicable to  the 
two-phase flow since the temperature profile T (y ) stays flat once the saturation 
temperature is reached. (See T' curve in fig. 1)). A few salient features of the 
results wil l  be discussed as follows: 

ranging from 0.05 to 0.726, and flow rate ranging from 0.0631 to 0.1772 pound per eq 

+ +  

+ +  

(1) The computed and the experimental heat fluxes are plotted against each other in 
figure 2. Among the runs tested, the predicted heat f lux  agrees with the experimental 
value within 30 percent for all except one run, and proffers some confidence in the 
postulated model. 

The reason for failure is 
not really known, but is possibly a result of the existence of a different flow pattern. 
Mist flow might not exist at this low-mass flow rate (0.063 lb/sec; 0.0287 Kg/sec) and 

1 low quality (x = 0.159) . 

experimental case (run 2008, L/d < 4). 
experimental result as expected. 

representing the void) w a s  assumed to be represented by a profile similar to the velocity 
profile; that is, 

(2) The model fails for  run 1805 (L = 7 .4  in. , 18. 7 cm). 

(3) The applicability of this program to the entrance region was tested against one 
The analytical program failed to predict the 

(4) In this report, the distribution of droplet concentration cyI (or 1 - aV, aV 

a! 2 -  U -- 
Z,CL u c L  a! 

In order to evaluate the possible effect of the mist distribution on heat transfer, computa- 
tions were made on a few selected runs using different mist distributions in the form of 

'Silvestri (ref. 16) pointed out that there is a lower limit for flow velocity to  sustain 
mist flow. Therefore, if both the flow rate and quality are low, there might not be 
enough velocity to  maintain droplet dispersion. And if there exists in the core large 
liquid filaments or  slugs, the heat -transfer coefficient could be greatly increased. 
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where 

The results for m = 2, 5, 7, 10, 20, and 1000 are tabulated in table II, showing the 
ratio qcal/qexp at various m's. The q-ratios, based on an analogy between velocity 
and droplet-distribution profiles, (eq. (5a)) are listed for  comparison. Recall that, 
usually, for  turbulent flow in a tube, the velocity profile can be represented by 
7 < m < 10. From the results in table 11, it can be deduced that, in the pressure range 
of 50 psia, (34.5 N/cm ) the effect of mist distribution on heat f lux  is not very strong as 
long as m > 2. Among the various distribution profiles, two of them are of particular 
interest. The profile represented by equation (5a) implies an analogy between mass 
and momentum transports, thus having some theoretical justification. The other profile 
is that of m - 03, which is uniform distribution and is simple and easy to use. In the 
sections to follow, the uniform distribution will be used for simplicity, except when 
void is assumed to be unity in the superheat vapor film. 

(5) The values of /3 obtained by iterating PA against 0, a r e  listed in table I. It 
is interesting to note that P increases with decreasing bulk velocity or increasing heat 
flux. Since the inverse relation between q, and ub also exists in the ratio 

2 

v -  90 

ub "vUb 

A plot is made of /3 against v/ub (fig. 3). It appears that some correlation exists be- 
tween these two parameters. 

tance y: where transition from wall region to core region occurs. Again, the product 
uiy: appears to be a function of the ratio q/ub. In reference 14, it was shown that 

u i y i  is a function of v/ub fo r  the case of blowing boundary layer. Therefore, the 
product u i y i  is plotted against the parameter v/ub = 9/hPvub in figure 4. 

and little volume expansion on wall (thus v/u - 0), the y i  is in the order of 10 to  26 
(ref. 12), which gives a product of u:yi in the range of 100 to 400. 
that as v/ub - 0,  the trend of the data points to that general range. 

(6) Also computed are the dimensionless velocity u i  and dimensionless dis- 

In general, for the case of gaseous forced-convection with little property variation 
- 

Figure 4 shows 
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Extension to  High Pressure Range 

So far the study has been limited to the low-pressure range of less than 50 psia 
(34.5 N/cm2). It is interesting to see whether the analytical program can be applied to 
the entire subcritical pressure range (Pcr = 187.7 psia (129.4 N/cm )). 2 

Results 

Some runs of reference 1 in the pressure levels of 100, 140, and 170 psia (68.9, 
2 96.5, 117 N/cm ) are tested on the analytical program. The predicted values of heat 

transfer coefficient hanal are shown in curves as the function of the quality x in 
figure 5. The experimental value h with approximately corresponding conditions 
a r e  shown as data points. The circles show the dependence of h on the equilibrium 
quality x and the squares show the result based on the nonequilibrium assumption, 
which will be discussed in the next section. It is,evident that the discrepancy between 

approach has been fairly successful in predicting heat -transfer coefficient up to 
p = 100 psia (68.9 N/cm ), the underpredicting becomes increasingly serious as pres- 
sure is raised. 

exp 
exp 

eq’ 

and h widens as pressure mcreases. Therefore, although the analytical banal eXP 

2 

Discrepancy Under High Pressure 

The failure of the analytical model to reasonably predict heat-transfer coefficients 
in the high-pressure region can be traced to several sources. Reference 1 discusses in 
detail the difficulties encountered in setting up a model for boiling two-phase flow. The 
major sources of difficulties are: 

(1) Nonequilibrium state - the subcooled liquid coexists with saturated o r  highly 
superheated vapor; thus, the true quality of the two-phase flow is quite different from the 
quality calculated on the assumption of thermodynamic equilibrium. Such nonequilibrium 
is more serious as the critical state is approached because of the increased time re- 
quired to achieve the thermodynamic equilibrium state (or saturation condition). In the 
critical region, the nonequilibrium state can last several days (ref. 17). Such a time 
scale is very long compared with the residence time of a particle travelling with a speed 
of 100 feet per second (32.8 m/sec) in a tube 1 foot long (0.328 m long). 

for  a flow in the steady, fully developed state. No provision has been made to correct 
f o r  the effect of strong accelerations due to large expansion of volume (except perhaps 

(2) Acceleration of flow - All the conventional models for turbulent flow are proposed 
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those accelerations implicitly accounted fo r  by the ratio q/ub in p) .  Such an effect is 
still to be studied. 

(3) Uncertainty of bulk slip ratio - Because of the difference in concentration- 
distribution profiles for the liquid and slip between the liquid and vapor phases, the bulk 
mean velocities of liquid and vapor are different; therefore, the bulk slip ratio is, in 
general, different from unity. On the other hand, because the lack of information about 
this slip ratio, usually a homogeneous distribution of liquid and vapor (with slip ratio 
equal to one) is assumed in the literature to  compute void fraction from quality. 

There are uncertainties in the analytical approach in proper comprehending each 
of these effects. In particular, the effect of acceleration was not considered except 
perhaps through the parameter p. For the nonequilibrium effect, superheated vapor 
film has been assumed to coexist with saturated two-phase flow in the bulk, and, also, 
the droplet distribution is assumed to be different from the homogeneous model. The 
combined effect of these two assumptions would produce a quality xanal for a given void 
differing from that based on equilibrium-homogeneous model x 
Such a result is shown in table 111 and figure 6. Note that xmal - x varies with both 
pressure and wall temperature. Such a trend is interesting because the large departure 
from equilibrium quality at higher pressure and higher wall temperature may account 
for the discrepancy in figures 5(a) to (c), since the h 

for each x then would be interesting to use table 111 to find the corresponding xanal 
plot h against xanal. Such a result is shown as the data points in figure 5. The 
correction of data using analytical quality did not improve the agreement with the analyt- 
ical curve, apparently because the bulk void was still computed from the equilibrium 
quality using a homogeneous model. A more thorough approach would be to  iterate the 
bulk enthalpy of the flow to match that obtained from inlet enthalpy plus heat addition. 
Unfortunately, the present computer program is not readily adaptable to such a scheme. 

Although the analytical program apparently failed to predict even qualitatively the 
experimental result at high pressures,  the comparison does show that the main problems 
for mist-flow film boiling are in the high-pressure region. It also shows an increasing 
deviation of void relation from that based on the equilibrium-homogeneous model. Thus, 
for the high-pressure region, the analytical program still serves the useful purpose of 
being a tool of analysis and diagnosis in uncovering the problem areas. 

for the same cyv. 
eq 

eq 

were plotted against x It 
exp eq‘ 

eq’ 
=P 

SIMPLIFIED COMPUTATION FOR DESIGN PURPOSE 

The results in this paper demonstrate that a single -phase variable-property approach 
can be applied to a problem of heat transfer to  mist flow. However, for  a design engi- 
neer, it would be desirable if a simple approximation to  the analytical model could be 
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devised. One approach would be to  represent the variable properties by a set of film 
properties evaluated somewhere between the wall properties and bulk properties. With 
such film properties, the design engineer could then proceed to use conventional heat- 
transfer equations for constant properties to  evaluate the heat-transfer coefficient. A 
similar approach has been used by Deissler and Presler to give a reference temperature 
for several gases (ref. 13). 

ture and void. Thus, a film temperature Tf and a film void a! 

Let Tf and a! 

In the mist-flow heat-transfer case, the properties are functions of both tempera- 
should be computed. v, f 

be expressedas 
v, f 

Tf = Tb + C(To - Tb) (33) 

+ c ( 1  - a! ) (34) Lyv, f = av, b v, b 

If the physical properties (evaluated from eq. (1) using these Tf(C) and af(C)) are sub- 
stituted into a constant -property heat -transfer equation, an hcal will result for each 
given value of C. In the case of forced convection, the Dittus-Boelter equation is most 
widely used. Therefore, a set of hcal(C) is calculated for a given flow condition by use 
of the Dittus -Boelter equation 

(36) 
0.8 0 .4  Nuf = 0. 023(Ref) Prf 

Figure 7 shows a typical example in the form of a plot of hexp/hcal against C. It is 
apparent that only one particular C wil l  make the ratio hew /heal one, and this 
value of C, denoted as C 
t ies for  the prediction of h for the given flow condition. If the heat-transfer coef- 
ficient can be predicted analytically, a corresponding Canal can also be determined by 

proper choice of C such that hanal/hCal(C) is one. In this report, the values of h 
exp 

were  obtained from reference 1,  the corresponding value of banal were  obtained from 
the analytical computing program developed in the previous section, and the hcal(C) 
were obtained from Dittus-Boelter equation. 

and C Since Canal 
the qualitative trends of C 
ture, tube diameter, and pressure.  Such comparisons will be made in the following 
sections. 

is the one that should be used to evaluate the film proper- e m ’  
exP 

vary with the flow conditions, it is instructive to compare 
and Canal as functions of void fraction, wall  tempera- 

exp 
exP 

19 



.... ... ..- ..._._ ..- 

Effect of Mean Void Fract ion 

The effect of mean void fraction (see eq. (4a)) on C, 1, holding other conditions 
8 constant (pressure 45 psia (31 N/cm2) To at 250' and 680 R (139' and 378' K), 

respectively), are shown in figure 8. The corresponding data for C are also shown 
fo r  comparison. The two sets of data do not exactly coincide. However, the general 

and Cmal staying relatively constant at low 

exp 

I trend is the same, namely, both C 
. gv and decreasing rapidly as Bv approaches unity. It should be noted that C could be 

extrapolated to  the neighborhood of 0 . 5  for the all-gas case of ZV = 1. Such a trend is 
interesting because the conventional correlation of the forced-convective heating of gas 
stipulates the reference temperature to  be Tf = Tb + 0. 4(T0 - Tb) (ref. 13). 

their  difference is most significant when C is small. 
that for small  C, the hcal/hexp does not vary greatly. In other words, a variation of 

eXP 

curves do not coincide, 
exp 

It should also be noted that even though the Cmal and C 
From figure 7, it can be seen, 

. C when C is small  would not greatly affect the ratio of h 
, tion of C is more critical as C approaches unity. 

, between theory and experiment. 

/hc. However, the varia- eXP 
exp 

Fortunately, the Canal and C 
are quite close when the value of C is close to  one, thereby improving the agreement 

Since Zv was found to  be the primary parameter controlling C, most of the sub- 
sequent figures showing the effects of other parameters will be plotted in the form of C 
against Zv. 

Effect of Wall Temperature 

Figure 8 shows that the theoretical curves for  To = 250' R (139' K) a r e  nearly 
parallel t o  those for To = 680' R (378' K) but somewhat higher in the value of C. Again, 
by the same argument in the previous section, the parallel shift indicates that the wall- 
temperature effect increases with increasing Zv. 

against To for  various ranges of EV. It appears that the C against To curves 
go through a shallow maximum in the vicinity of To = 4000 to  5000 R (2200 to  2800 K). 
But in general, the curves a r e  fairly flat, indicating a lesser  dependence than predicted 
theoretically. 

The experimental effect of To on C is shown in figure 9 in the form of C 
exp 

exP 

Effect of Tube Radius 

The effect of tube radius on Cmal is shown in figure 10. From this figure, it 
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appears that a change in the tube radius as great as a factor of 3 does not significantly 
change C provided the pressure and To are low. Increasing either temperature o r  
pressure tends to  increase the downward shift of the C curve for a larger diameter. 

A similar trend is observed for Cexp. In figure 11, three lines, one for each of 
three tube radii, of the ratio of C to Cemp calculated from equation (37) (discussed 
the section EMPIFUCAL CORRELATION) are plotted against pressure over a wide range 
of To. It appears again that Cexp/Cemp curves for different radii coincide at the low- 
pressure range while curves for  the larger tubes drop more rapidly at higher pressure. 
Note that the ratio Cexp/Cemp should be approaching unity with decreasing pressure 
because C 

exP 

is an empirical f i t  based on low-pressure data. 
emP 

Effect of Pressure 

Up to  last section, most of the discussion of results concerning the coefficient C 
was limited to  the low-pressure (50 psia, 34.5 N/cm ) region, except for a few remarks 
on the effect of tube diameter on C under higher system pressure.  It appears that in 
the low-pressure region, the Canal and Cexp follow the same trend in their response 
to the variation of parameters such as void fraction wall temperature and tube diameter. 
It would be interesting to  examine the behavior of Canal and C 
critical pressure range. 

psia, 34.5 N/cm ), effects of pressure on C are more complicated. As shown in 
figure 11, the best f i t  curves of C 
pressure.  

curves actually shift upward with increasing of pressure.  Therefore, for The ‘ana1 
a given pressure,  Canal obtained in figure 1 2  is higher than the corresponding C 
given in figure 11. Since an increase in C means a decrease in h; the higher value of 

‘ana1 

2 

in the entire sub- exp 

In the higher end of subcritical pressure range (1 > P/Pcr > 0.25, Pcr > P > 50 
2 

against pressure dip gradually with increasing 
However, the Canal curves in figure 12 show an entirely different trend. 

exP 

exP 

means that hanal is underpredicting the value of hexp. 

EMPlR ICAL CORRELATION 

As it was discussed in the previous section, the Canal tends to underpredict the 

Thus, before some means can be found to  take into account the nonequilibrium 
heat-transfer coefficient. On the other hand, C was fairly flat with respect to  pres- 
sure.  
state and the acceleration effect, an empirical correlation will have to be used. In view 
of the fact that C 
To, r, and P, a best-fit curve is determined from C 

exP 

is primarily dependent upon Zv, while only mildly affected by 
eXP 

(Z) as exP 
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0 . 9 6 4  Cr,. - 0 .9684  
V - - 

'emp CYv - 1 . 0 2  
(37) 

given by equation (37) are 
then compared with the experimental h. The result is shown in figure 13. The figure 
shows that 73 percent of the data points are within *20 percent e r ro r ,  and 88 percent are 
within *35 percent e r ro r .  If the range in pressure is limited to less than 100 psia 

2 (68.9 N/cm ), then almost all the data points are within the *35 percent band; 90 percent 
are within a *25 percent band. 

Such a correlation scheme predicts the heat-transfer coefficient for film-boiling 
2 hydrogen (25 to 170 psia (17 .2  to 117 N/cm ); To, 250' to  700' R (139' to 389' K); ETv7 

0 . 5  to 1.0;  D, 1/4 to 1/2 in. (0 .635 to 1 . 2 7  cm)) with accuracy comparable to those 
schemes proposed before, such as Xtt-method, etc. (ref. 1) .  But the present scheme 
has the advantage of being simple. Besides, the similarity in trends between Canal 
and Cew renders support to its credibility. 

emP The heat-transfer coefficients calculated by using C 

This empirical correlation scheme can be summarized as follows: 
(1) Compute mean void fraction from equation (4a). 
(2) Compute the film coefficient C 
(3) Compute the reference temperature Tf from equation (33), the reference void 

b from equation (37'). 
emP 

a from equation (34), and the reference liquid volume fraction a from equa- v, f l , f  
. tion (35). 

(4) Compute synthesized properties according to equation (1). 
(5) Compute Nusselt number using equation (36). , 

CONC LU S IONS 
\ 

In this report, an analytical program is developed and is tested against experimental 
2 hata in both the low-pressure (<50 psia, 34 .5  N/cm ) and the high-pressure (>50 psia) 

regions. An empirical correlation scheme was  proposed for design purposes. The 
comparison between the analytical results, the experimental data, and the empirical 
scheme lead to the following conclusions: 

1,  It appears that the film-boiling mist flow can be treated as a variable-property 
' single -phase flow using Deissler's approach with modification. The heat-transfer 
coefficient predicted by such a model is within 35 percent error for the low-pressure 
hydrogen (<50 psia o r  345 N/cm2). 

existench of a nonequilibrium state and the acceleration effect on turbulence. Detailed 
analysis shoked that quality computed from the analytical model was quite different 

22 

and h at high pressure was attributed to the 2. $he' discrepancy between hanal exP 



from that computed from homogeneous -equilibrium concepts for the same void fraction. 
The analytical program, although relatively inconvenient to use because of the long 
computer time required, is a powerful tool for diagnosis of the mist-flow problem. The 
discussion on pressure effect was an example. 

used, provided properties were evaluated at a reference temperature and reference void 
which were determined by a coefficient C. The C’s determined from the analytical 

and that from experimental data, C showed the same trends for the model Cmal, 
effect of void, wall temperature, and tube diameter, in the low-pressure region. But 

failed to give the same trend as that of C in predicting the effect of pressure, 
especially when the pressure approached the critical point. 

Zv as the sole independent variable is supported by the trend of Canal, which shows 
only weak dependence on wall temperature and tube diameter. The pressure effect is 
left unanswered because the analytical program showed that more investigation is needed 
in this respect. 

5. The recommended empirical correlation scheme has the merit of being simple 
and easy to use. The correlation predicts 73 percent of data points within 20 percent 
e r r o r  band and 88 percent within 35 percent error band. 

3. For the evaluation of h, it was found that the Dittus-Boelter equation could be 

exp 

‘ana1 eXP 

4. An empirical correlation of C as function of Zv has been devised. The use of 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 30, 1967, 
129-01-11 -02-22. 
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APPENDIX A 

SYMBOLS 

C 

cP 

d 

f 

H 

h 

K 

L 

m 

Nu 

n 

P 

Pe 

Pr 

q 

Re 

r 

r 

St 

T 

+ 

T+ 

u+ 

U 

24 

film coefficient to determine refer- U* 

ence temperature and void 
(eqs. (33) and (34)) 

V 

specific heat under constant pres- 

sure, Btu/(lb) (OF) ; J/(kg)('K) W 

X 

Y 

diameter, f t  (cm) 

friction factor, 7/@ui/2) 

enthalpy, Btu/lb; J/kg 

heat transfer coefficient, 
Y+ 

a 
Btu/(ft2) (hr) (OR); J/(cm2) (hr) (OK) 

P 
thermal conductivity, 

'I Btu/(hr) (ft) (OR); J/(cm2) (hr) (OK) A 

length from inlet, in. ; cm E 

exponent in eq. 

Nus s e  It number 

constant, 0.124 

pressure, psia; 

P b l e t  number 

Prandtl number 

friction velocity, ,/=, ft/sec; 

transverse velocity, ft/sec; 

m/sec 

m/sec 

mass flow rate, lb/sec; (kg/sec) 

quality, Ib/lb; kg/kg 

distance from wall, ft; m 

dimensionless distance 

volume fraction 

heat- transf e r parameter 

difference 
eddy diffusivity, ft 2 /sec; m 2 /sec 

E+ dimensionless eddy diffusivity 

K 0. 36, ,constant 

h latent heat, Btu/lb; J/kg 

I-1 

V kinematic viscosity, f t  /sec; 

(5b) 

N/cm2 viscosity , lb/ (ft) (se c) ; kg/ (m) (s e c) 
2 

2 m /sec 

2 heat flux, Btu/(ft )(hr); J/(cm2)(hr) 

Reynold number 

radius, ft; cm 

dimensionless radius 

Stanton number 

temperature, OR; OK 

dimensionless temperature 

velocity, ft/sec; m/sec 

dimensionless velocity 

density, lb/ft 3 ; kg/m3 P 

7 

50 properties in general 

Subscripts: 

A analogy 

a transition between wall region 

shear stress, lb force/ft2; N/m2 

and core region 

anal analytical 

b bulk 



C 

cal 

CL 

c r  

D 

emP 

eq 

exp 

f 

h 

convection 

calculated 

cent e rline 

critical 

definition 

empirical 

equilibrium 

experimental 

film 

enthalpy f lux  

2 liquid 

m momentum 

o wall 

pg perfect gas 

sat saturation 

t thermal 

V gas, or vapor 

w wanted 

Superscript : 
- mean 
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APPENDIX B 

COMPUTER PROGRAM 

Presented in this appendix are a listing of subprograms, a description of subpro- 
grams, an input/output format, and a flow diagram. Program listings are accompanied 
by a table of nomenclature with FORTRAN and mathematical notations. 

LISTINGS OF SUBPROGRAMS 
The program consists of a main program plus the following subroutines: 

Subroutine Name Deck Name 

START STARTT 

FINISH FINNISH 

CALC CALCC 

PROPTY(Y, TEMP) PRPETY 

SPHT 

VISC 

THCON 

HOVAP 

SATDEN 

SATRT 

STATES 

STATE 

MAIN PROGRAM 

START 

CURFIT 

CURFIT 

CURFIT 

CURFIT 

CURFIT 

CURFIT 

STATES 

STATE 

D ESC R I PTlO N OF S U B PROGRAMS 

Sets some constants for STATE and STATES and calls sub START 

Reads input data. If certain data are not input, it makes a guess 
at initial values for these variables. Computes wall properties. 
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CALC 

FINISH 

PROPTY 

CURF'IT 

Main computation routine. Solves the differential equations as 
specified in the text. The Runge-Kutta method is used to solve 
the differential equations. Simpson's rule is used for  the indi- 
cated integrations (See ref. 18 for methods of integration). It con- 
sists of four parts: (1) near the wall unsaturated, (2) near the 
wal l  saturated, (3) away from wall  unsaturated, (4) away from the 
wal l  saturated. 

Tests  for  convergence of w, ZcL, and BETA when y+ = r' in 
CALC. When all these conditions are satisfied, it computes and 
prints out final results; then solves for C such that h M h2 at 
the end and calls subroutine START for a new case. 

Gets the proper hydrogen properties depending on whether conditions 
are saturated o r  unsaturated, then computes some ratios. 

MAP subroutine which has curve f i t  approximation of liquid and 
vapor hydrogen properties. 

STATE Computes real fluid-state relation, thermodynamic properties, and 
transport properties of molecular H2 (see ref. 19). 

STATES Initializes values for STATE. 

TIME I(X) Library subroutine available at Lewis that interrogates the storage 
cell clock and returns to calling program with a floating point 
number in x, which is in clock pulses with period of 1/3600 min- 
ute. If a time clock routine is not available, a fake subroutine 
with name TIME I(X) must be inserted into the program deck. 

DESCRIPTION OF INPUTlOUTPUT 

Description of Input Data 

Four data cards are necessary for each case, they are 
(1) Title - The first card of each case contains a descriptive heading which will 

appear in the output to aid in identification of the case. 
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(2) The second card specifies 

TO wall temperature, OR 

TB bulk temperature, OR 

PSTAT static pressure, lbf/in. 

UBULK bulk velocity, ft/sec 

R radius of pipe, in. 

X quality 

W A N T  desired w, lbm/sec 

2 

(3) The third card specifies 

ELL 

BNDRY 

DELY 

DELU 

RITE1 

RITE 2 

FUTE 3 

RITE 4 

length this station is from the tube inlet (identification only), in. 

value of where transition to away-from-wall is made 

Ay step on y for integration procedure 

Au step on u for integration procedure 

switch if not equal to 0, no print; if equal to 0 print at each inte- 
gration step in near wall unsaturated 

switch if not equal to 0, no print; if equal to 0 print at integration 
step in near wall saturated 

switch if not equal to 0, no print; if equal to 0, print at each inte- 
gration step away from wall unsaturated 

switch if  not equal to 0, no print; if equal to 0, print at each inte- 
gration step in away from wall  saturated 
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(4) The fourth card specifies 

BETA 

RPLUS 

UPLCL 

ALFCL 

ZMAXTM maximum amount of computer time to be used for this case. 
If ZMAXTM - < 0, it will be set to 60 minutes by the program. 
See description of time clock routine TIME I(X) in previous 
section. 

If the quantities, BETA, RPLUS, UPLCL, ALFCL, are unknown at the beginning of 
a case, leave the first four fields of this card blank. Note however, that first guesses of 
all four variables will  be computed if only the first field is left blank or  is equal to 0. If 
the first field is not blank o r  is equal to 0, the values used for the first guess for all four 
variables a r e  read from the card. 
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Input  Format 

Card (2) 

Card (3) 

Card (4) 

All 80 columns may be used for the titIe 
- 

UPLCL ALFCL ZMAXTM 

Input  Data Cards fo r  Sample Case 

CASE NO. 18-21 L=8.44 SAMPLE CASE 

252.7 43.7 40.7 170.6 .1565 -062  -177  

8.44 2.0 -125  .0025 1.0 1.0 1.0 1.0 

.057a2 1464.13 13.4195 .554n4 60. 

Computer Output of Sample Case 

CASE FINISHED. FINAL OUTPUT- 

CASE NO. 18-2. L=8.44 SAMPLE CASE 

INPUT THIS CASE 

TO TB PS URULK L BNORY R X UUANT ABWANT OELY OELU 
252.700 43.700 40.700 170.600 8.440 2.000 0.15650 0.06200 0.17700 0.55929 0.12500 0.00250 

HALL AN0 FILH PROPERTIES 
CP. 0 Hlf.0 K .O RH0.O RHOL PR.0 CP. F MUtF K.F PR.F 
3.83414 3.64154E-06 1.77143E-05 3.02095E-02 4.35869 0.78818 2.79925 2.40676E-06 9.66851E-06 0.69681 
FINAL RESULTS THIS CASE 

R+ U+CL ALFCL 
1423.830 13.502 74  0.548794 
U+ Y +  T+ UBLK+ XT I PART I ALPHA RHOBAX RHO*U+ RE 

13.5028 1551.28 14.4447 12.9632 0.59524E-01 0.54879 1.94725 26.2932 4021 9.1 

BET A NU.0 TAU.0 RE.0 0.0 W DOT ALFBAR XT H TIME USEOIMINI 
5.7099E-07 1.877OF 02 5.3033E 00 3.6915E 04 1.8531E-01 1.7641E-01 5-6116E-01 5.9524E-02 8-8523E-04 1.0853E 00 

TRANSITION POINT FROU NEAR YALL TO FAR FROM WALL REPCHEO AT NEAR UALL UNSATUATEO 
CONSTI 1.48284 MU= 0.68356 YPLUS= 8.50000 UPLUS= 7.61338 

TOTAL NO. OF TIHES THRU CALC FOR THIS CASE= 19. TOTAL MACHINE TIME USE0 THIS CASE = 20.64 UIN. 
0.0008895 EN0 OF CASE C= 0.9762635 H= 0.0008852 H2= 

+01* UNIT05. EOF. REC= 00000 F I L =  
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Star t  

Set constants, 
in i t ia l i ze  
sub rou t ine  
STATES 

-b P r i n t  C 

properties, 
compute 

- data UPLCL, and BETA 
BETOLD = BETA for 1st t r i a l  

I 
Solve d i f ferent ia l  Compute new 
equations for guesses for 
UPLUS and TPLUS; RPLUS and 

Solve d i f ferent ia l  

Near t h e  wal l  reg ion 
saturated 

Yes 

Solve d i f ferent ia l  
equations for 

* YPLUS and TPLUS; 
Far f rom wal l  reg ion 
unsaturated - 

1 

CONST < BNDRY. a 
I.No 

t 
Solve for C 
by method 
explained 
on  page 21 

P r i n t  resu l t s  

4 BETA = BETOLD? 

YeSl t 
Solve d i f ferent ia  I - equations for YPLUS; 

.). Far f rom wal l  reg ion 
saturated 

Cal l  sub rou t ine  
FINISH; compute 
40, H, WDOT, 
ALFBAR 

Flow diagram of program 
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Computer Nomenclature 
FORTRAN Engine e ring 

symbol symbol 
Definition 

5 desired value of h 
v, w ABWANT 

value computed by program 

void fraction at centerline 

local void fraction 

ALFBAR *V 

ALPHA @V 

@v, CL ALFCL 

BETA 

BETOLD 

BNDRY 

C 

CAPPA 

CONST 

CONV 

DELU 

DELY 

ELL 

H 

H2 

PRANO 

PSTAT 

0 
R 

RE 

. 32 

refers to the expression of heat-transfer parameter PA 
as derived from momentum and heat-transfer 
analogy computed by equation (30). 

- -  

E; 

C 

K 

E+ 

P 

q0 
r 

Re 

temperature parameter used as BETA for computa- 
tions and compared with BETA of equation (30) at 
end of each iteration 

value of ( E / v )  = E+ to be compared with, to test for 
transition point from near wall to away from wall  
(see eqs. (12) and (13)) 

film coefficient to determine set temperature and 
void. 

constant 0. 36 

computed in program 

input data for subroutine STATES (see ref. 18) 

step size for integration with respect to u 

step size for integration with respect to y 

distance down tube (identification only) 

heat -transfer coefficient 

heat-transfer coefficient computed by film coeffi- 
cient C 

Prandtl number at wall 

static pressure 

heat flux at wall 

radius 

Reynolds number 



RPLUS 

TB 

TBLKPL 

TEST 

TESTB 

TO 

TPLUS 

UBLKPL 

UBULK 

UNITS 

UPLCL 

UPLUS 

VG 

VL 

WDOT 

W A N T  

X 

XT 

XTPRT 

YPLUS 

r+ 

Tb 

TO 

T+ 

u; 

ub 

U+cL 
U+ 

W 

wW 

X 

Y+ 

dimensionless radius 

bulk temperature 

dimensionless bulk temperature 

threshold for iteration on w and aCL 

threshold for iteration on P 

wall temperature 

dimensionless temperature 

dimensionless bulk velocity 

bulk velocity 

input for subroutine STATES (see ref. 18) 

dimensionless centerline velocity 

dimensionless velocity 

input for subroutine STATES usually 0.25 (see 
ref. 18) 

input for  subroutine STATES usually M 4 . 0  (see 
ref. 18) 

mass flow rate computed by program 

desired value of mass flow rate 

input quality 

final integrated quality computed by program 

local quality during computation (partial sum) 

dimensionless distance 

33 



C 
C 
C 
C 

PROGRAM LISTINGS 

FILM-BOIL  I N 6  MIST-FLOW M A I N  PROGRAM 

M A I N  PROGRAM I N I T I A L I Z E S  SOME CONSTANTSI THEN, ONLY C A L L S  
SURROUTINES TO n3 THE ZOMPUTING. 

10 

100 

COYMON/STATEl/STOR E ( 5 0 )  /STA TE2 /UNI  TSiC0MP.CONV 
FOUIVALENCE IVL .  STDRE(15l l . .  (VGI S T O R E I 1 6 l )  
VG=O. 7 5  
V L = 4 . 0  
COIJ V= 1.0 F-06 
UNITS=-]  .O 
CALL STATFS 
CALL START 
WRITE (6.100) 
60 T n  10 
F!JRYAT(55HLRETURNED TO M A I N  PROGRAM BY SOME ERROR GO TO NEXT CASE) 
END 
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C I R F T C  S T 4 R T T  

S I I R R ~ l U T I N F  ST4RT 
c 
C R F A l  COFlHDY N4MFC 
c 

C O Y H I N  ARWAVT. 4 K  . 
1 AI RH7 . AYLl . AYLIF . 
7 CAPPA . CP . CPFCPO. 
7 DUF4VF. OVS4VF. F L L  . 
4 HG . PKAN'I . PRF ' . 
5 R H i l  K H O l  RHOL . 
h R I T E 3  e R I T F 4  R P L U S  . 
7 T O  . TOTIYE.  T P L U S  
R U P L U S  t WWAYT X . 
9 ZMAXTY 

c 
INTEGFR COMMON NAMES 

4 K F  9 

4MUL 9 

CPGF . 
E N  9 

P S T A T  . 
RHO0 9 

T S 4 T  
XT . 
SNSLT4.  

AKO 
AMUO 
C P O  , 
ENIITM v 

PTEMP e 

KHOU , 
STHTTM. 
T T  v 
XTOEN 

ALFRAR. 
AMUV 
D 4 L D V  * 
FNSO . 
R 
RHOV 
TB . 
IJBLKP L 
XTNUM . 

A L F C L  
B E T A  . 
OELT . 
€PSTR , 
RE t 

K I T E 1  s 
T R L K P L  v 
U b U L K  
XTPRT 

4 L P H A  
BNDRY . 
D E L T A  , 
FODEN , 
REO , 
R I T E 2  e 

T I T L E  * 
U P L C L  * 
VPLUS . 

1. 

C I I Y M O V  ITEKNO. NSFGIN.  NOBITR.  N T I M E S  
c 
C I 4 R F L F n  C.DYMC)N 
c 

t 
CflYVCIY / STA T F  1 / S  TOH E I50 I / S T 4  TEZ /UNI  T S *  COMP t CflNV 

OIMENSTf lNFD COMMON 
c 

1700 
I n  

n I Y F N S I O N  T I T L E 1 1 4 1  
E O U I V A L F N C F  lCfJM.4RWANTl 
J I Y E N S I O Y  C U Y ( 9 2 1  
I>4TA P I / 7 . 1 4 1 5 9 7 6 5 /  

CLJYI I l = 0 .  
CAPPA=O. 3 6  
F V = 0 . 1 2 4  
ENSO=EN*EN 

nn 1 2 0 0  I = ~ . w  

R F A n l 5 .  I h ( I l  T I  TLF.  T O .  TR .PSTAT.UAULK .R X. W'APNT eONLTFR,FLL. BNORV 
1 D Y I A V F - .  OUFPVF .R I T F  1.4 I T E  7 R I  TF 3 s R 1  T F 4  

c 

C I F  I T  IS D F S I q F d  T i l  HAVE P 9 0 7 R 4 M  G I J C C S  I N I T I A L  VALUCS FOR H E T A .  RPLUS 
C I P I  Cl.. AVD A I  FCL  I F P V F  F I R S T  4 F I E L 3 S  OF T H I S  CAKO BLANK. 

R F 4 n l  5 .  3501 RFTA.RPLIIS.UPLC1 .4LFCL,ZM4XTM 

c 

G GFT 
1 0 P O  

I F I  7MAXTM .LF. 0 .  1 ZM4XTM=hO.O 
WALL P H O P F R T I E S  4 N D  CONSTANT TERMS TO F I N D  HETA 
C A L L  'SPHT I T 0  .99.CP[ l l  
T 4 L l  V I S C  I T 1  .93.4X110l 
CAI I. THCONIT-I . 99 .AKf l l  
t . A l  L HOVAP IPSTAT.41  4MOA.991 
S T O R F I  h l = P S T 4 T  
STOPE( 7)=TI l  
C 4 L l  S T A T F (  31 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
2 1  
2 2  
23  
2 4  
2 5  
26  
2 7  
2 8  
29 
30 
3 1  
4 2  
33 
34 
35 
36 
37 
30 
3 9  
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

35 



STAKTT - E F N  SOURCE STATEMENT - I F N l 5 )  - 
V=STnR F l  A 
RHDn- 1.O/V 
HTO=STDH E I 1 2  1 
S T n R F l  7 1 =TR 
CAL I  S T A T E (  3 )  
V=ST?REl  A 1  
R Hn V= 1.0 / V  
HSAT-STnRFI  1 2 )  
HC,=AL A M  DA+HTfl-HSAT 

RRHDS= X/RHOV + I 1  . & X I  / % M O L  
Z F I  J R )  400.41)1.400 

40 1 CALL SATR T I  PSTA T. T9 .991  

4 0 3  11 RllL I( = 1 44. WUNA Fu Tti(RHflI3 / I P I  *R *K 1 
4 C 2  ARWANT=l X /RHnV) /RRHOR 

P R AN 0 = C PD 8 A MlJO / A  K fl 
R E O  =R/6 .  Of LIRULK / A  MIIO*RHOfl 
T F = I T D + T . R ) / 7 .  

CALI  V I S C f T F . 9 9 . 4 M U F l  
CAL I J H C f I N  I TF. YY.4KF ) 
PRF=CPGF*AMI lF /AKF 
F 3  n EN= R !+U[I* IJR UL KO I IR  U L  K 
CP FCPI) =CP C,F / C P O  

1106 CAL L 5 4  T DFN I P S TAT. RHOL 9 99 1 

4on JF(IIRIILK 402.403.407 

CALL  SPHT(TF.99.CPCF I 

~ J R  I T F (  6 . 1 0 7  T I TL E, TO, ~ 8 .  P S T A T .  UHULK . F L L  , RNDRY .R, x. W A N T ,  ABM ANT 
1 DY SAVf.DlJS4VF .CPDv4#UO. 4KO.RHUfl. KHOL 9 PRANO. CPGF AYIJF .AKF. PRF 
7 .ZMAXTM 

701 D E I  T=TO-TR 
I F ( U N I T F K . F O .  0.1 O N I T E R = l .  
ITFRN3=ON I T F ?  
1F lHPLUS.NE.  0 . )  GO T l l  1 0 5  

C 
C GIIFS'i HPLIIS. ALFACL. U+CL. AND RETA FOR F I R S T  T R I A L  I F  NOT INPUT AODV 
C 

IJPL CL = 19. 
RPL IJS=iJRUl K*RfR tirln I ( 170. * A  MU0 1 
AL F C l  =PtlWANT 
T A I l f l = l 7 0  . * IJRI ILK*4#Wl  /K 
SRFDT)2= SQQ T I  T4110/FUDEN) 
RFTA=DEI T /T0859F3f l20(1 . /PRF+I . ) /2 . *CPFCPO 

CALL CALC 
RFTIJPY 

1 0 5  WRITF  16. 1 0 1 ) I T F R N f l , D E T A . R P L U S . I I P L C L . A L F C L  

1.00 FORMATI  1 3 A h . A 7 / ( 8 F 1 0 . 2 ) )  
1 0 1  F n ' l Y A T ( 4 0 t l L  T H I S  C A S €  S T b R T I N S  WITr l  I T E R A T I O N  N(7. I 4 . 3 4 H  AND STA 

1 RT 1 Y 6 VAL U E 5 4 S F OL L 0 W S / 14 J 4 X 4HH F T A * 11 X .5 H RP LU S 9 1 3  X 9 5 H?I PL CL v 

7 IOX.hHALFC1 / 5 6 1 5 . 5 )  

1 
2 
3 75HKWALL AND F I  L Y  PROPERTI  F S / 2 X  94HCP , 3  19 X v4HMlJ r S  v 9 X  .3HK*  3 9 1 @ X  
4 
6 4 H P R . F / 1 P 1 0 G 1 3 . 5 / 5 9 H K M A X I ' 4 l l M  AMCItINT OF COMPUTE* T I M E  TO HF USED F 
7 0 R  T H I S  CASF = OPF7.2.YH MINUTES.)  

107 FORYATI  1H1.73X. 1 3 4 6 1 4 2 / 1 7 H K  I N P U T  T H I S  C A S E / ~ H K I ~ X , Z H T ~ ~ . R X . ~ H T R ~  HX 
.7HP S. 7X. 5HU9111 K. 6 X  1HL. 9 X .  5HRN3 RY .4 X. 1 HR, 9 X t 1 HX .OX .5 Hdt4 ANT .4X.  
6HARUAY T t 5X. 4HOEL Y 6 X .  4HDC L U / h F  10.3.6F 1C. 5 / 

5HR HJ i) . HX t 4HR H f l L  9 X .  4H PR ( I  * 9 X .4YC P ,F 9 X. 5 t i  MU 9 F . R X .4 H K. F $ 9 X  t 

3 5 0  FLIRYATI HF19 .2 )  

5 1  
52 
5 3  
54 
55 
56 
57 
58 
59 
60 
6 1  
62 
6 3  
64 
65 
66 
67 
68 
69 
70 
7 1  
7 2  
7 3  
74 
7 5  
76 
7 7  
78 
79 
8 0  
8 1  
82 
83 
84  
85 
86 
8 7  
88 
89 
90 
9 1  
92 
9 3  
Y 4  
Y5 
96 
9 7  
9 8  
99 

100 
10 1 
1 0  2 
1b3 
1 0 4  
1 3 5  
106 
1 0 7  



SIRFTC. F I N N S H  

SURRf lUT INE F I N 1  SH 
DATA C H I N . C M A X . H 2 M I N . H 2 M A X / O .  .Os .0. . D e /  
DATA TESTl .TESTZ.NTEST/  0.10.0.0D5.  1/  

DATA TEST.TESTR/O.1.0.05 / 
DATA TESTR1/0 .05 /  

1. 
C R F A L  COMMON NAMES 
L 

COMMOV ARWANT. AK 9 

1 ALRHI) v AMll AMUF . 
7 CAPPA CP . CPFCPO. 
3 DLISAVE. DYSbVE. E L L  
4 HG . PRANO . PRF . 
5 RHO . RHf l1  . RHOL . 
h R I T E 3  R I T E 4  RPLUS 
7 TO . TOTIME.  TPLUS . 
8 UPLI IS  . WWAYT . X 
9 ZHAXTH 

C 
C INTEGFR COMMON NAMFS 
c 

COYMON ITERNO. NEEGIN,  

AKF v AKO v 
AMUL . AMUO 
CPGF CPO t 

E N  . ENDTH 
PSTAT . PTEMP 9 

RHO0 RHOU 
SNSLT4.  STRTTM. 
TSAT T T  9 

XT XTDEN . 
NO81 TRI N T I M E S  

ALFB AR. 
AMUV 
OALDY . 
ENSQ , 
R 
RHOV , 
TR . 
(JRLKPL. 
XTMJM , 

c 
t L A B E L E D  COMMON 
C 

COHMON/STA T F 1  /STORF ( 50)  ./STATE2 / U N I  TS  ~COMPICONV 
C O Y M D N / T R A N S I / T R P T . T R C . T R A * T R Y r T R U  

L 

C DIMENSIONED COMMON 
C 

O I M  ENS I O N  
STDP=O. 0 
NTIMES=NT I M F S + l  
XT= X TN UM / XTDEN 
A Y l l = 2 .  O*KPLUS*PRANO/TRLKPL 
T A W =  I IRl lLK*AMUO*l2.O*RPLUS / (R*UBLKPL)  
lJSTAR=SORTl TAUO/RHOO j 
FPS=EPSTR*AMUO/RHOO 
Y ST AR= AM 110 / I RHO O* lJS TAR 1 
DALDY=DALDY/YSTAR 
OHO=EPS *HG*RHOO*D4LDY /144.0 
OCO=ILVU*AKD*DELT/(24.0*R) 
ao=oco +a HO 
UDOT=6.2831976  *XTOEN*( lAMUO/RHOO) **2) /USTAR 
AL F BAR = 2 .* AL FR 4R / ( R P L US*R PL  US 1 
H=OO /DEL T 
ANUO= 24. * H+ R / A  KO 
CALL  T I M E l (  EYDTM) 
O I F T M = (  ENDTM-STRTTM 1 /3600. 
TOT IME=TO T I M E+D I F TM 

T I  TLE I 1 4 )  

ALFCL 
BETA e 

OELT v 
EPSTR 
RE * 
R I T E 1  e 

TRLKPL.  
URULK . 
XTPRT 

ALPHA 
BNDRY 
D E L T A  . 
FODEN 
REO 9 

R I T E 2  . 
T I T L E  * 
U P L C L  . 
YPLUS . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17  
1 8  
19 
20 ~~ 

2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
3 2  
33 
34 
3 5  
3 6  
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

37 



I I I 1111 I 

F I Y N S H  - E F N  SOIJRCE STATEYENT - I F N  

R E  TA r ANUflg T h  Ufl v RF 0.00 s WDOT ALFRAR 9 XT i lR  I T E I  6 . 2 C 0  1 

WFKACT= l  WWANT-WDOT) /WWANT 
I F 1  l A H S l A L F H A Y - A q W A N T l / A q W A Y T ) . ~ T .  T F S T )  G O  T O  2 6  
I F l A 8 5 l W F R A C T l  .GT. TEST)  G O  TO 2 0  
RETOI. D=RFTA 
< % F i l l  2=  SOR T I  T 4  110 /FOC)EN 1 
R F T A = O E L T / T O ~ S R F ~ l O 2 *  ( 1  . /PRF+ l . )  /2.*CPFC.P[1 
RDL U5=K-U;IIRIILK*R HOD/ I 17. O*AMl l f l *UDLKPL) 
I F I A R S I  HETA-RFTOLD) /RETA.LT. TESTB)  Gf l  TO 2 3  

60 TD 2 4  

1 TFSTR 

r r F R v 3 = n  

S )  - 
H t  D I FT MvT EST v 

90  ALFCL=ALFCL +C.2* ( A 3  WANT-ALFRARI 
I F f  A R S I  WFR4CT) . G E .  1. I WFRACT=POS(WFRAC T I  *O. 5 /NFRACT 
I F l  ITFRUO .GT. 10 I WFRACT=WF RACT/Z. 
YPI US=RPI US+RPLIJS* WFRACT 
I F 1  ITFRNO.6T.I I GD TO 2 1  

7 4  ALFCl  =AHWAYT 
7 1  l lPLCL=UPLLJS 
27 f T F R N ? = I T F R N 3 + 1  

WRITE 
I F I T O T I Y F  .l-T. ZMAXTM) GO TO 2 0 0 0  
W R I T F I  6 .  2 0 0 1  1 TOT1MF.ZMAXTM 

GO TO 7 3 7  
7000 C A L I  CALC 

16.204) 1TERNO.RETA .RPLUS .IJPLCL. 4 L F  C L  

STOP=O.  I 

2 3  60 TO f 2 3 0 . 7 3 1 I . N T F S T  
230 N T F S T = 7  

I T F R N J  =n 
T E S T = T F S T Z  
T F S T R = T F S T Z  
GO Tf l  24 

7 3 1  H R I T E I  6 . 7 0 5 )  
2 3 7  COVT I Y l J F  

WR I T F l  6 .  l f l 7  1 r 1 TLF . TO 9 TR 
v DY SAVF. DUSAVE .C.P0.4MlJD.AKfl.RHIlo.KrlUL .PRAND.CPGF .A!4UF VAKF PRF 

? P L U S *  I JPL tL .ALFCL *UPLlJS * YPLUS rTPLIJS .UHLKPL.XT PRT. 

P STA T UR (ILK E L  L t Ll NDR Y . % 9 X v A W  ANT 9 A8W ANT 
1 

1 ALPtiA.RHI11 . ? H f l I I . S E  
W R I T F I  6.706 I 

W R I T F l h . 2 U O l  d E T A , A Y U O . T 4 1 J O . R E f l . O C . W D O T . A L F O P R I X T . H . O I F T ~  

HI4 I T F I  6.7fl7) N T I M F  S.TOTIME 
I F ( S T 1 P  .NE. 0 . 0 )  G n  TO 2 0 0 7  
TSAT=TR 

#R I T F (  6.2003 I T4 PT. TRC TRA . TRY 9 TKU 

CALL  
CAL.1 THCUNf TSAT.AKL.99)  
C = l  .964*ALFRAR-0.  96841 / l A L F R A H - l .  02) 
YC=0 
0=7 .*R 
C‘4 IN=r). 
CY AX=O. 
H7Y l Q = O .  
t i  2” AX =I?. 

N C = Y C + l  

SP t I T 1  TSAT .CPL. 99) 

700 TF=TR+C*(  T J - T R I  

AL FF=AI. FRAR + C* I 1 .O-ALFSAR 1 
A L F L = I  .O-AI.FF 

5 1  
52 
53  
54  
5 5  
56 
5 7  
5 8  
59 
h O  
6 1  
62 
h3 
64 
65 
66 
67 
6 8  
69 
70 
7 1  
7 2  
73 
7 4  
75 
76 
77 
78 
79 
80 
8 1  
82 
83 
84 
8 5  
86 
8 7  

89 
90 

a 8  

9 1  
92 
93 
94 
9 5  
96 
9 7  
98  
99 

100 
101 
102 
103 
104 
1 0 5  
106 



F I U N S H  - EFN SflURCE STATEYFNT 

CALL V I C C l  TF.99.AMUFV) 
GAL 1. S P H T l T F . 9 9 , C P F V )  
CALL THCONITF.99.AKFV)  
STORFI  7 )  =TF 
CALI  S T A T F I  3 )  
V=STf lRFI  8 )  
RHO F V =  1 .  / V 
AKF = A I  F F I A K F V  + A L F L t A K L  
RHOF = A L F F *  RHDFV + ALFL*RHC)L 
AMIIF= A L F F I A Y I J F V  + A L F L t 4 Y l J L  
CPF= AL F F * C P F V + A L F L + C P L  
H F F =  f l I l I R I I L K a R H 3 F / A M I J F / l ? . O  
PRF=CPF*AM\ IF /AKF 
ANlIF=0.023* l R F F * * O .  H I *  I P R F * t 0 .  4) 
H ? = A N I I F O A K F / D / I  2. 
D I FH=H7-H 
I F l A B C l O I F H ) / l i  . I  T. O.On5) GCI TO 4 0 0  
I F I o I F H I -m 1.40 r: , -m 7 

C t i 7  .I T. HI f)FCKfACIF t 
301 CYAX=C 

HZMAX-H? 
I F I C Y I N  .GT. n. GO TO 3 5 0  
C = 0 . 9 * C  
GO TO 3 7 5  

C H 7  .GT. H. 1NC.PC-ASF C 
3 0 7  ~ .MIN=~  

H7Y IM=H2 
I F ( C Y A X . G T . C M I N )  G 3  Tf l  3 5 0  
C = l  .0 
Gfl Tfl 3 7 5  

3 5 0  F R A C T = l  H-H2MI  
C=CY I N  +FRACT* 

3 7 5  I F I Y C  .I.T. 7 5  
G R  I T F  I 6. i n n r l  

4 0 n  W R  I T C  I 6 . 1  r o  1 
2 0 0 7  T F C I T = T F 5 T I  

TFCITR=TFSTR 1 
~ N T F S T = l  

CALL. CITART 
PFTIIRY 

1 / I H 2 M 4 X - H ? Y I  N) 
C M 4 X - C M I N 1 

GO TO 3 0 0  

C.H.H? 

I F N t S I  - 

1 1 7  FflP.'.IATl 1HI - i ' ? X *  1 3 A h . 4 7 / 1 7 H K  I N P U T  T H I S  C A S F / l H K . 4 X . 2 H T L I ~ A X . ; ! t i T ~ . H X  
1 
7 
3 35HKWAI I AN[) F I L M  P R O P F R T I E S / ? X . 4 H C P . O 1 9 X . C Y M U . 3 . 3 X  v3HK.O. 1 O X  
4 
6 4 H P R . F / l P 1 0 G 1 9 . 5 )  

1 
7 

I 
ZS.11 X. 4HIJ+CL t I Q X .  5HALFCL 

- 2 H P S .  7 X  t 5H l lR l l l  K. h X  e1HI t 9 X .  5 q R W  R Y ,4 X , I  HK.9X. 1 HX , 9 X  v 5 I M N  ANT, 4X. 
hHhRW4YT. 5X. 4HnFl.Y. 6X.4HOFLU/hF LO. 3 . h F l L . 5 /  

5IiR HJ. O s  R X .  4HR HOL . c)X. 4HPR. 0 . 9 X  .4YCP, F - 9  X 5H MU, F t A X 1 4 H  K. F. 9 X .  

7 0 0  F O K Y A T ( 6 H K  R E T A . 8 X . 4 H N I J . U . 8 X ~ 5 H T A l J . O . 7 X ~ ( 1 H R F . 0 ~ 9 X t 3 H Q ~ O ~ 9 X ~ 4 H W O f J T ~  
R X  v 4H AL F RA R 9 h X t 2H X T 9 10 X * 1hH -1  1 X .14H T 1 ME 
1P 1 0 F  1 7  -4. OP 7F 6.3 

US FD Y I 14 1 / 

2 0 4  FORMAT177HL R F G I Y  I T E R A T I C I N  NO. 1 4 .  6 H  W I T H  / 
1 H J  ,9X. 4HRFT A, 12X t 5HRPL.I 

l l H J  ~ 4 G 1 5 . 6 )  
7 0 5  FORMATI 3CH1 CASE F I N I S H E D .  F I N A L  OUTPUT.) 
206 Ff lRM4Tl  7hH F I N A L  R E S l l l  T S  T H I S  CASE / lHJ.4X.ZHR+.12X.4HU+CL. l 2 X .  

1 
3 B H X T ( f A R T 1 .  

5HALFCL / 3G 1 5 . 6 /  1 Y  J 3 X. ? H I J +  e 12 X. 2HY+ t 10 X. 2 H T +  917 X t 5 H J  H L K + r  BX * 

107 
1 0 8  
109 
110 
111 
1 1 2  
113 
114 
1 1 5  
1 1 6  
117 
1 1 8  
119 
120 
1 2 1  
1 2 2  
1 2 3  
1 2 4  
1 2 5  
126 
1 2 7  
1 Z H  
1 2 9  
130 
1 3 1  
1 3 2  
1 3 3  
1 .34 
1 3 5  
1 3 6  
1 3 7  
1 3 8  
1 3 9  
140 
1 4 1  
1 4 2  
1 4 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
1 4 8  
149 
1 S G  
1 5 1  
1 5 2  
153 
1 5 4  
1 5 5  
1 4 6  
1 5 7  
1 5 8  
1 5 9  
160 
161 
1 6 2  

39 



F I M M S H  - EFN SOURCE STATEMENT - I F N I S )  - 
3 h X  SHALP HA 7X. 6HR HORAR 7 X .  hH RH O*U+ * 9 X .2HRE/ YG13.5 1 

2 0 7  F D R M A T l 4 7 H K  T n T 4 1  NO. DF T I M E S  THRtJ CALC FOR T H I S  CASE= 14. 
1 38H. TOTAL M 4 C H I N E  T I M E  USED T H I S  CASE = FA.2. 5 H  MIN.1 

1000 F f l R M A T l 4 8 H K  H AND H? NOT CONVFRGED I N  2 5  I T E R A T I O N S .  STOP.) 
1001 FORMATI 1 5 H  FYD OF CASE C =  F15.7.5X.ZHH= F15.7 .5X*3HHZ= F 1 5 . 7 1  
7 0 0 1  F O R M A T l 3 7 H l  THE TOTAL T I M E  USED ON T d I S  CASE. f F 6 . 2 1 5 3 H  MIN.1. EXC 

I F F D S  THE MAXIlrllJM ALIOWABLE AS S P E C I F I E D ,  I F 6 . 2 .  7 H  MIN.1. / 
7 hAHY P R I N T  R F S U L T S  AS THFY E X I S T  AT T H I S  T I M E .  THEN Gfl ON T O  NEX 
3 T  C A S F .  1 

2n03 F f l R M A T f 7 2 H K  T R A N S I T I O N  P O I N T  FKOM NEAK WALL T O  F4R F R O M  H A L L  REACH 
1 ED AT VFAR WPLL Ah.4H4 TE3 / 4 X  .6HCONST=F9.5 9 4  X.4H MU=F9 5 9 4X 6HY PLUS 
7=F9 .5 .4X .6HIJPL( IS=FY.5 )  

FN D 

163 
164 
1 6 5  
1 6 6  
1 6 7  
1 6 8  
1 6 9  
1 7 0  
171 
1 7 2  
173 
174 
1 7 5  

40 



S I R F T C  CALCC 

SIIRRf3IJTIYE CALC 
r. 
C R F A l  CUYYflN NAMFS 

c 
C 

COMMON 
1 A L R H l  
7 CAPPA . 
3 DIJSAVF. 
4 HG t 

5 RHO v 

4 R I T F S  . 
7 Tfl . 
R lJPl tJC 
9 7MAXTY 

ARWANT. 
AMU . 
CP 
l)YS4VF. 
PRANt I  . 
R H O 1  . 
R I T F 4  . 
T O T I Y E .  
WWAYT 

AK 9 

4MUF 
CPFCPO. 
E L L  , 
PRF . 
RHCIL . 
R P L U S  . 
X 
r P L u s  . 

4 K F  
AMIJL . 
CPGF 9 

E N  9 

P S T 4 T  9 

RHO0 , 
SNSLT4. 
T S A T  . 
XT 

AKO . 
AMUO . 
C P O  * 
ENDTM t 

PTEMP v 
RtlOU , 
STRTTM. 
T T  . 
XTDEN 

ALFRARv 
AMUV , 
DALOY 
E N S 0  t 

R 
RHOV t 

TR v 

XTNIJM 
URLKPL. 

INTFC.FR COMMON NAMES 

C O Y Y 7 U  I T F R N 3 .  N?FC.IN. NuJHl  TR. N T I M E S  

L A R F I  F D  C'3UYIlN 

CUMMIIU / S T A T E  1 / S  Tfl17t  ( 5 0  1 / 5TA TE7 /(IN1 T S  . CUMP 9 CONV 
C O Y M l U / T H A N S I / T R P T , T R C , T R 4  .TRY.TRIJ 

D I M  ENS I n \  F D  CflMMI3N 

A L F C L  * 

OELT * 
EPSTR 
R E  9 

R I T E 1  v 

T BLI<PL 9 

U R J L K  . 
XTPRT . 

HETA . ALPHA 9 

D E L T A  
FODEN 9 

REO v 
R I T E 2  t 

T I T L F  * 
J P L C L  v 
YPLUS 

8NORY . 

1. 

n l M F N S l f l Y  T I T L F I  14) 
l, 

C D I 4 F N Z T r l Y E D  PROGRAM VARIA t3LFS 
c 

D I M E N S I D N  A R l Y T ( 3 ) .  I J R I N T I 3 ) .  V I S ) .  V F R I N T I 3 l r  X D E N ( 3 ) r  XN!JM(3)  
D A T A  UYZAT,  S 4 T  / hHUNS4TU.6'4 SATIJ / 
C A L L  T I Y F l l  ST'ITTM) 

IIPI.IIs=o.D 

TPL L I S = ?  .O 
X N I J M I  1 )  =O.O 

XTNUM =n. 0 
XTDFN=O.O 

SNSl T4=0.  

I J R L K P l = f l  .O 

VFR=r).n 
VFRNIJY =O.  0 
AL FRAR=O. 
A R I N T I  1 ) = n .  

7 nFi T A = O . O  

YPI  iis=n.n 

x n w i  i i = o . n  

r,nLi $1 ITF i n )  

IIRINT( I )=n.c 

I I R I  KPL=n.n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15  
16 
17 
1 R  
19 
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
27  
28 
29 
30 
31 
3 2  
33 
34 
35 
3 6  
3 7  
3 8  
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

41 



CALCC - E F N  SOURCE STATEMENT - I F N I S I  - 
V F R I U T I  ll=n.O 
MANY=O 
SATIJR =O .O 
DEL Y=DYSAVE 
DFL U=DIJSAVE 
DYn2=DEl.Y/7.0 
DYO 3 = n E ~  Y 3. o 
nun3=1)~~u/3.0 
T o n u n  3=z.n*nm3 
T R L K P L  =I T n -  Ti3 I / I  T O W  FTA I 

c 
C YFAR THE WALL. IJNSATURATED 
c 

I F l R I T E l I  700.7Cj1.700 
WR I T E I  6 . 1  IO I 
W R I T F I  6.1161 

701 

7 0 U  N l = O  
3 0  IJSAVF=IJPL I IS  

Y SAVE=YPLlJS 
PTF%AV=TO 
TSAVF=TPI  lJS 
A L F M I = A I  PHA 

3 1  CALI  PROPTY I YPLIJS.TPLIJSl 
on IC) I = z . ~  
CON 1 =RHOQFN SQ*IJPL IJS*YPLUS 
C.ONST=C.!IN l* I 1.0-F XP ( - C O N l / A M U l  I 

GI= DEL Y / ( ( A K  / P i  A N 3  J + I C  P*f ONST) 
TT=TPL IJS+G1/7.0 
C A L L  P H W T Y I Y P L U S .  T T  I 
UU=IIPLIJS+F1/7.0 
YY=YPL IJS +DYf l2  
CON 1 =RHO* ENSQ*UU+YY 
CUNST=CON 1 9  I 1  .O-EXP I - C O N I  / A W I  
F7=DFI Y / l  AYII+CC1NSTl 
G7=nELY / I I AK/PRANO I + lCP+CCII)NSTI I 
TT=TPL I J S + G 7 / 7 .  fl 
C A L L  PR0PTYlYPI . t IS .  T T  1 
IJU=UPI I J S + F 7 / 2  .O 
YY=YPL us+nyrl2 
I: ON 1 = R Hfl * F N  5O*U!J* Y Y 
CONST=CONl * l  1 .O-EXPI - C O N l / A M U l  I 
F 3 = n E L Y / l A M U + C O N S T l  
G 3 = D E L Y / l  I A K / P 2 A N f l l + ( C P t t O N S T l  I 
TT=TPLI IF+G3 
f.ALI. P R f l P T Y f Y P L I J S q  T T  I 
Y P L U S  = Y P 1. lJS +n F L Y 
UU=UPI. U S + F 3  
CON 1 =RHO *EN SO*UlJ* YP L IJS 
tONST=C.r)N 1*1 l .O -FXP l -CONl /AYUl  I 
F4=DEL Y / ( A M U + C f l N S T l  
G 4 = D F L Y / f  I A K / P R A N f l ) +  l C P * C O N S T l  I 
I IPLUS=IJPI lJS+I f F 1+F 7+F2+F 3+F3+F 41 /6.01 
TPLUS=TPLUS+ l  (61+G?+G2+G3+G3+G4l/6.01 
CALI. PROPTYlYPLUS.TPLUS1 
U R l  N T I  I I =IJPL IJS* I 9  PLIJS-YPL US1 

4 F I = D F L Y / I A N I J + C O N S T )  

51 
52 
53 
54 
55 
56 
51 
58 
59 
60 
61 
62 
63 
64 
65 
66 
61 
68 
69 
10 
71 
12 
13 
14 
75 
16 
17 
18 
7 9  
80 
81 
82 
83 
84 
85 
86 
01 
88 
89 
90 
91 
92 
93 
94 
95 
96 
91 
98 
99 

100 
10 1 
102 
103 
104 
105 
106 

42 



CACCC - E F N  SOURCE STATEMENT - l F N ( S 1  - 
V F R I N T (  I ) = I J B I N T (  I )+ALPHA 
P R I N T (  I ) = V F R I N T ( I ) / I J P L L J S  
X N I J M t I  I = A L R H J * I J R I N T ( I  1 
XDFN(  1 )=RHf l l+ IJR I N T l  I )  

I F  
in CONTIUUE 

ABS(  TR-P TE4P )-0.01)61* 61 9 63 
63 I F (  TRLKPL-TPLIJS)h2.61 .60  
h l  SATIJR=PTEMP 

6 2 Y WANTsY SA VE +(  ( TBL KPL - T 54 VE ) 4 ( Y P L  IJS-Y SA VE 1 / ( T PLUS-TS AVE 1 1 
MANY=HANY+l  
OFLY=( YWANT-Y SAVF / 2  -0 

GD TO fin 

nyo z=nEi- Y z . o 
YPLlJS=YSAVE 
TPL IIS=TSAVF: 
P T FMP=P TFSA V 
IIPI. I lS=lJSAVE 
Gf l  TO 3 1  

60 XTYIJM=XTNIJY+( (XNlJM( 11+4.0*XNUM(21 +XNl lM ( 3 )  1 *DY031 
XTDEV=XTOEN+( ( X D E Y ( 1 ) + 4 . 0 + X D E N ( ? ) + X D € N ( 3 )  ) * D Y 0 3 )  
V FR NUM =V FR N UM + ( ( VF R I N T ( 1 ) + 4.0* VF K I NT ( 2 1 + VF R I  NT ( 3 1 1 *OY 0 3  1 
ALFRAP.=AI FRA?+(  ( A R I N T (  1 ) + 4 . 0 * 4 B I N T ( 2 )  t A B I N T ( 3 1  ) * O Y 0 3  1 
X TP R T = XTN UM / XTDE N 
UBL K P l  =OR1 KP 1 + (  ( U R  I N T (  1) +4.0*URI  NT ( 2  1 + U R I  N T ( 3  I 1 *OYfl3 1 
I JRLKPL = (  ?.0*IJRLKP 1 ) / ( R P L l l S * * 7 )  
R HfllJ = R  Hn 1. *UP1 I1 S 
H E =  7.0I.YPI I I W I J R L K P L  
I F ( R I T F l 1 6 0 0 . 6 0 1 . h O 0  

601 WR I T F  6.103) YPI  US.UPI. US v T P L l l S  .UBI.KPL v XTPRT ALPHA. RHO1 .RHO!Jr R E  
h O O  XNUMl l ) = X N U M ( 7 )  

X n F N (  l I = X O F N ( 3 )  
I I H I N T (  l ) = U R I V T (  7 )  
V F R I N T t  1 1 = V F R I N T ( 3 )  
A B I N T (  1 ) = A R I Y T (  3) 
N l = N 1 + 1  
I F (  SATIJR)17.13 .12  

1 3  I F (  RYDRY-CONST/AMII)S. 5.30 
5 CAI I P R l l P T Y ( Y P I . 1 J S . T P L U ~ )  

WP I T F  ( 6. 3 0 0 0 )  
T R P T=UN S A  T 
T R C  =CnVST 
TRA = A 4 1 1  
TRY =YPLI IS  
TRIJ =UPL 115 
RHO TR=R HI? 
AMIJTR-AVIJ 
EPSTR= 7 .WAMl lTR / RHOTR 

CON ST.A MU. YPLlJS UPLUS 

DAI. 0Y=( ALFM 1-ALPHA)  I (  2.0*DELY) 
GO TO 5un 

c 
C NEAR THE WA1.L S A T U R A T I O N  
t 

1 2 DEL TA=YPL (JS 
I)FI.Y=DYSAVE 
OY 0 2=nEL Y / 2. 
DYU1=DEL Y / 3. 

107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
1 1 8  
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
1 3 1  
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151  
152 
153 
154  
155 
156 
157 
158 
159 
160 
161 
162 
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CALCC - F F N  SOURCE STATEMENT - I F N I S )  - 
I F (  R I T F ~  ) 7 0 7 . 7 0 3 , 7 0 2  

703 W R I T E I 6 .  104) DELTA 
7 0 2  N 2 = n  

CALL PRnPTY 1YPLIIS.TPLIIS) 

41 FM1=41 PHA 

CON 1 =RHO*ENS3*IIPLUS*YPLUS 

2 4  F 1  = n E L Y  / I AMIJ+CflNST) 
C A I  L P R f l P T Y ( Y P C I I S + n Y O Z . T P L U S )  
LIIJ=lJPL I IS+F 1 / 2  .O 

COY 1 =R Hfl* FN 51 * 1 1 W  Y Y 
CONST=CnN 1*( 1 - 0 - E X P  ( - C O N l / A M I J )  
F?=DFL Y / (  AMU+CflNST 1 
CALL PROPTY ( Y P L I K + D Y O Z . T P L U S )  

2 3  CONTINUE 

DO 70 1=7.3  

CllNST=CON 18 (1 .0 -EXP I -CON1 / A  MU) 1 

YY=YPI. u s + n y n z  

UU=IJPL U S + F ~ / Z  .n 
YY=YPI. U S  t Q Y O 7  
C . O N l = R H 3 f F N S ~ * : u l l * Y Y  

F ’ 3 = D E L Y / (  AYU+Cf lNST)  
YPLUS=YPl  I IS+DFLY 
CALL PRnP TY ( YP1.llS. TPLUS 1 
UIJ=l lP l  I JS+F3 
C f l ~ l l = R H O ~ E N S 3 * I l I J * Y P L I I S  
C f l V  S T = C O V  1 * (  1.0-EXP I -CON1 14  MU) 1 
F 4 = D E L Y / (  A M U + C f l N S T )  
IJPL US=IIPL US+( ( F l + F  2 + F 2  t F  3+F 3 t F  4 )  / 6 . 0 )  
CALL PROPTY (YPLIJS. T P L I I S )  
UR I N T  ( I 1 =(]PI. Us* I R PLUS-Y PL US 1 
.VFH I N T I  I 1 =UR 111 T ( I 1 * 4  LPH4 
P R I N T (  I )=VFR I Y T (  I )  lUPL lJS  
XNlJMr I I = A l R H J * U B I N T ( I I  
XOFN( I ) = R H f l l * 1 J R T N T l  I )  

X TNl lM=XTNUM+l ( XNIlM ( 1 )+4 .O*XNUM(2)  +XNUM I 3  ) 
XTOFN=XTDFN+l  ( X D E N  1 1 1 +4.0*XOE N ( 2  
VFRNUY=VFRNIlM+l (VFR I N T (  1 ) + 4 . O * V F R t  N T ( 2 )  + V F R I  NT ( 3  1 )  “DYU31 
ALFRAR=AL FOA? +I I A R  I N T (  1 ) + 4 . 0 * 4 B I  N T I 2 )  + A B 1  N T ( 3  1 1 W Y 0 3  f 
XTPRT=XTNUY/XTDEN 
IJRL.KPl= ! IRLKPl+(  ( I J R  I N T l  1 ) + 4 .  O * l J % I  N T l 2 )  t U f l I N T  1 3 )  1 * D Y 0 3 )  
IJRLKPL =I 2.O*URLKPI ) / l K P L I J S * * 2 )  
K Hn I 1  =R HO 14 IJP L U  S 
QF=?.0*YPLUS* l lRLKPL 
I F 1  K I T F 7 1 6 0 7 . 6 0 7 . h 0 ?  

hO 3 WR I T E  I 6 . 1  n 3 
6 0 7  XNUMI 1 ) = X N I I Y ( 3 )  

XDFNI  I ) = X n E N ( 3 )  
U R I N T I  1 ) = U R I N T (  7 )  
V F R I N T (  l ) = V F ? I Y T ( 3 )  
A R I N T I  1 I = 4 R I N T (  3 )  
N 2 = N ? +  1 

CON 5 T = C 3 M  l *  ( I - 0 - F X P  ( -CON1 / 4  MI11 1 

7 0  C C ” I 1 1 I I F  
*OYO3) 

X D E h l ( 3  1 1 e D Y 0 3  1 

YPLUS , UPLUS , TPLUS .UR LKPL . XTPRT , 4 L  PM4 . R H D l  . RHO!l. R E  

I F( RN nrl Y-T.ON S T / 4  M IJ ) 2 5  2 5 9 2 3  
2 5  W R I T F ( 6 , l C R )  tONST.4MU.YPLUS.lJPLUS 

TPP T=S4T 

1 6 3  
164 
1 6 5  
166 
167 
1 6 8  
169 
170 
171 
1 7 2  
173 
174 
1 7 5  
1 7 6  
1 7 7  
178 
179 

1 R 1  
1 8 2  
1 8 3  

185 
1 8 6  
1 8 7  

1 no 

1 8 4  

1n8 
1n9 
190 
191 
1 9 2  
1 9 3  
194 
1 9 5  
1 9 6  
197 
1 9 8  
199 
2 0 0  
2 0  1 
2 0  2 
2 5  3 
2 0 4  
2 0 5  
2 0 6  
2 0 7  
2 0 8  
2 0 9  
2 1 0  
2 1 1  
2 1 2  
2 1 3  
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 8  

44 



CALCC - F F N  SOURCE STATEMENT - I F N I S )  - 
TRC =CONST 
TRA =AH11 
TRY =YP l  U S  
TRIl =IJPLUS 

Y 0 1  FT=2.0*DEL Y 
V I  1 I = 1 . 0 / I 4 M U + C f l N  ST I 
v l = V l  1 I 
V S T P T - V I  
V T R = V l  
P=0.0 
I J R I N T I  3 1  = U P L U S * l R P L U S - Y P L U S I  / V 1  
XNIJMI 3 I =ALR H3*llR I N T I  1 1 
X D F ~ I 3 l = R H O l * U R I N T I l I  
AMIJTR = AMI1 
I? HO TR =R Hn 
FPSTR=2. OcAMUTR /R Hr1 TR 
DAL DY= I ALFY 1-PLPHA I / I ? .  W D E L Y  I 
MI Tf l  4 4 1  

W R I T E  1 6 . 1 0 6 )  

c 
C FAR FRflM THE WALL. IJNSATIJRATFD 
c 

5 0 0  CONT INIJF 

705 WRITE1 6 .  1 0 5 1  CDNST 

7 0 4  N 3 = 0  

I F I R l T F 3 ) 7 0 4 ~ 7 0 5 , 7 0 4  

WR I T F I  h. I O h  I 

V I  1 1 = 1  .O/ IAMIJ+Cf lNST)  
v l = V I  1 1  
V S T R T = V I  
VTR = V  I 
P=O .o 
I J R I N T I  1 l = I J P L I I S * l R P L U S - Y P L U S I  / V 1  
V F R I N T ( 1 I = I J R T V T I l I * A L P H P  
A R I N T I  l ~ = V F R l V T I l l / U P L U S  
XNUMI 1 l = A L R H 3 * I J H I N T l  11 
X D F N I  1 l = H H O 1 * I J R I N T l 1 I  

4 7  V S A V F = V I  11 
PSAVE=P 
TSAVE=TPI  U S  
I ISAVF=IJPL IJS 

VST SAV-VSTH T 
VTRSAV=VTR 

h 8  DO 3 7  K = 2 . 7  

3 1  P I = D E L I J / l  SOYTI 1 1 . 0 - A M W V S T R T  I /RHO1 I 

YSAVE=YPLUS 

3 6  no 3 4  1=?,3  

GI = D E L  I J /  I CP + I VS TK T* ( A K /P R A NO-C P*A MU) 1 I 
T T = T P L  l I 5 + G l / 2 . 0  
CAILL PRnPTYIYPLIJS.  T T  I , . 
V E F = l V S T R T t V T R  ) / 2 . 0  
P 2 = D E L U / l S O R T l  l1.0-AMIJ*VEEI /RHO1 I 
G 7 = D E L U / l C P + l V F E * l A K / P K 4 N O - C P * A M U l I  I 
T T = T P L I J S t G 2 / 2 . 0  
C A L L  PHOPTYIYPLUS.  TT I 
P3=IOEI.U/1 SORT1 l1 .0 -AMU*VEE)  / R H O ) )  

2 1 9  
2 2 0  
2 2 1  
2 2 2  
2 2 3  
2 2 4  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
2 3 0  
2 3 1  
2 3 2  
2 3 3  
2 3 4  
2 3 5  
2 3 6  
2 3 7  
2 3 8  
2 3 9  
2 40 
2 4 1  
2 4 2  
2 4 3  
2 4 4  
2 4 5  
2 4 6  
2 4 7  
2 4 8  
2 4 9  
2 5 0  
2 5 1  
2 5 2  
2 5 3  
2 5 4  
2 5 5  
2 5 6  
2 5 7  
2 5 8  
2 5 9  
2 6 0  
2 6 1  
2 6 2  
2 6 3  
2 6 4  
2 6 5  
2 6 6  
2 6 7  
2 6 8  
2 6 9  
2 7 0  
2 7  1 
2 7 2  
2 7 3  
2 7 4  

45 



CAL CC - E F N  SOURCE STATEMENT - I F N ( S )  - 
63=DELU/  (CP+(  VEE* ( 4 K  /PRANO-CP*AMUI) l  
T T = T P L  l lS+G3 
C A L L  PROPTY(YPLUS.  T T  
P 4 = D E L U / (  SORT( (l.O-AHU*VTR) /RHO1 I 
G 4 = D E L U / l C P + ( V T R * ( A K / P R A N O - C P * A M I J l  1 I 
P l = P + I  ( P l + P 2 + P 2 + P 3 + P 3 + P 4 )  /6. D l  
V N E W = V l * ( F X P I  I - C A P P A ) * P l l )  

3 5  I F 1  ( A B S ( V T R - V Y E W ) I - O . O O 5 ) 2 1 . 2 l 2 2  
2 2  VTR=VNFW 

C A L L  PROPTY (YPLI lS .TPLUS)  
GO Tfl 33 

P=P 1 
VSTRT=VN EW 
V( I )=VNEW 
VTR=VNFW 
TPLUS=TPLUS+(  ( 6 1 + 6 2 + 6 2 + G 3 + Z 3 + 6 4 )  /6.0) 

2 1  IJPLUC=UPLUS+DELU 

C A L L  PRf lPTY(YPLUS.TPLUS1 
34 CONTINUE 

Y P L U l = Y P L  LIS+( l l . O / V (  1 ) + 4 . 0 / V ( 2  )+l. O / V ( 3 )  I * ( D U 0 3 )  1 
Y D I F T  = Y P L I J  1- Y P L 11 S 
Y P L  IJS=YPL U 1  
IJR I N T I K ) =UPL US* ( R P L U  S-Y P L  US) / VSTR T 
VFR I N T I  K =UR I N T  ( K )*ALPHA 
A R I Y T l K  ) = V F R f V T ( K I / I J P L U S  
XNUM( K ) = A L R M * U B I N T ( K )  
XOEN(K ) = R H O l * U B I N T ( K I  

37  V I l ) = V ( 3 )  

64 SATIIR=PTEMP 
GO TO 66 

6 5  I F (  T R L K P L - T P L U S l 6 7 , 6 4 , 6 6  
6 7  UWANT=IISAVE+( (TRLKPL-TSAVE)*(UPLUS-USAVEl/ (TPLUS-TSAVE) I 

I F 1  ABS(  TR-PTEMP 1-0.01 164.64 .65  

MANY=YANY +1 
DELI]=( UWANT-USAVE )/4.0 
DllO3=DEL U/3. 

V I  1 )=VSAVE 
P=PSAVE 
TPLUS=TSAVF 
UPLUS=USAVE 
Y P L  1lS=Y SAVE 
VSTR T=VSTSAV 
VTR=VTR S A V  

GO TO hR 
66  XTNUM=XTNUM+( ( XNUM( 1) +4.0*XNUM( 2 1 +XNUM (3 I 1 * ( T D D U 0 3  1 1 

XTOEN=XTDEY+((XDEN(  1 ) + 4 . 0 * X D E N ( 2 ) + X D E N ( 3 ) I * ( T O O U 0 3 ) )  
VFRNUY=VFRNUM+( ( V F R I N T ( 1 ) + 4 . 0 * V F R I N T o + V F R I N T ( 3 )  ) * ( T O D U O 3 1  I 
Al. FRAR= AL FRAR + ( ( AB I N T  ( 1 )+4.0*A 8 I N T  12) + A B 1  NT ( 3  ) 1 *TODUO3 I 
X TP R T =X TN UM /XTDEN 
U R L K P l = U R L K P l + l  ( U R I N T (  1 l + 4 . O * U R I N T ( Z )  + U B I N T  1 3 )  ) * ( T O D U 0 3 )  1 
U BL KPL = ( 2 .O*URL K P 1 I / I R P L  US**T I 
N 3 = N 3 + 1  
R Hn U=R HO l * U P L  U S  
RE= 2. O*  YPL US*IJRL K P L  

T o n u n  3= 2 .*Dun 3 

C A L L  PROPTYIYPLUS.  T P L U S I  

275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286  
287 
288 
289 
290 
29 1 
292 
293 
294 
295 
296 
297 
298 
299 
300 
30 1 
30 2 
303 
304 
30 5 
306 
30 7 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
3 2 8  
329 
330 
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CALCC - F F N  SOtIRCF STATFMENT - I F N I S )  - 
I F (  R I T F 3 1 h 0 4 . 6 0 5 . 6 0 4  
h"K1TFf 6 . 1 0 3  I 
I F (  SATOR ) 4 0 . 4 4 7 . 4 0  
I F (  HPLLJS-YPLLJS) 3 8  e 3 8  -39 
XNLJM( 1 )=XNUMf 3 )  
XIIFNf 1 I =X I>FN(  3 )  
I JR INT(  1 ) = I J R I N T (  ? I  
VFR I N T f  1 )=VFQ I N T f  31 
A R I N T f  l ) = A R I N T I  3 )  
G f l  TO 4 7  

CALL F I N I S H  

YPLIIS.tIPLUS.TPLUS . I IRLKPLt  XTPKT .ALPHA* RHO1 .RHOJ v K E  

W R I T F I h .  1 0 6 )  

GO TU 99n 

f i n 5  
6 0  4 
4 4  7 

3 9  

3 R  

c 
C A W A Y  FR:)H THE WALL S A T l J R A T I n N  
r. 

4n 
7 0 7  
4 4  1 

57 
5 5 7  

4 9  

46 
4 8  

47 

I F I R I T F 4 I  4 4 1 . 7 0 7 . 4 4 1  
WR I T F I  6 .  1 C R )  SATLJR 
C.flYT IXLJF 
DEI. L I=DUtAVE 
I>UO 3=nFI 11/3. 
TflOLJO 3=7.*11110 7 
N 4 = 0  
n E L T A = Y P L U S  
CALI  PR( lPTY(YPl . I IS .TPLUSI  
XNIIN( 1 )  =XNIJM 1 3 )  
XDFNI 1 ) = X n E N f 3 )  
U81 luT I  1 f=IJR I N T (  3 )  
V F R I N T I  1 1 - V F R I N T f  31  
P R I N T (  l ) = A R I N T f 3 )  
YASU=YPLLIS+2.0+YDIFT 

P<AVF=P 
USAVF=IIDL LJS 
YSAVE=YPLIJS 
VSAVF=VSTRT 
on 4 3  K = 2 . 3  
I)P 4 4  1 = 2 . 3  
P l = n F L U / (  SORT( ( 1  .O-4MU*VSTKT) /RHO) 
CALL 
V E F = f  VSTKT+VTK )/2.0 
P Z = O E L I J / I  S O R T (  l .O-AMU*VFE) / R Y f l )  
T.ALL PKfJPTYf YPL l IS+ODY.TPLUSl  
P 1 = D F L U / ( S O R T (  f 1.0-AYLJ+VEF) /RHf l l  1 
f.AL L O*no Y T P L U  S )  
P 4 = 0 E L l l / f  SORT( f 1 .O-AMkJ*VTR) /RHO) I 
P l = P t f  I P l + P Z + P ? + P 3 + P 3 + P 4 )  /h.01 
V N ~ W = V l + l F X P I f - ~ A P P A ) f P 1 ) )  
I F (  f A R t I  VTR-VNFW) 1 - 0 . 0 0 5 )  
VTR =VN FW 
CALL P K O P T Y I  YPLUS.TPLUS) 
GO Tf l  4 9  
L lPLI IS=I IPL IIS+OFI L I  
P-P 1 
VSTRT=VNFW 
V f  I ) = V N E W  

n i w = y o I  F T / Z  .o 

1 
PROPTY ( Y P L  US+ODY. TPCLJS I 

PROP TY f YPL US+2  

4 7 . 4 7 . 4 8  

3 3  1 
3 3 2  
3 3 3  
3 3 4  
3 3 5  
3 3 6  
3 3 7  
3 3 8  
3 3 9  
3 40 
34 1 
3 4 2  
343 
344 
3 4 5  
346 
347 
3 4 8  
3 4 9  
3 5 0  
3 5 1  
3 5 2  
3 5 3  
3 5 4  
3 5 5  
3 5 6  
3 5 7  
3 5 8  
3 5 9  
3 6 0  
3 6 1  
36 2 
3 6 3  
3 64 
3 6 5  
3 6 6  
3 6 7  
3 6 8  
3 6 9  
3 70 
3 7  1 
3 7 2  
3 7 3  
374 
3 7 5  
3 7 6  
377 
3 7 8  
3 7 9  
3 8 0  
3 8 1  
3 8 2  
3 8 3  
3 8 4  
3 8  5 
3 8 6  
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CAL CC - E F N  SOURCE STATEMENT - I F N I S )  - 
VTR =VN E W 
Y PL IJS=YP L IJS + 2.O*Dn Y 
CAI. I 

Y P L U L = Y S A V E + l  1 1 . 0 / V ~ 1 ~ + 4 . O / V 1 2 ~ + 1 . 0 / V o ) * ( o u o 3 1  
I F 1  l A H S l Y P L U 1 - Y A S l J ~ ~ - 0 . 0 1 0 ~ 5 1 ~  5 1 . 5 0  

5 0  UP1 US=lJSAVE 
YPLUF=YSAVF 
N N NN =V N N N + 1 
I F l N N N N - 5 0 ) 3 1 0 . 9 9 9 . 9 9 9  

YASU-YPLIJ1  
VSTRT=VSAVE 

VTR=V( 2 1  
GU TO 5 5 2  

5 1  Y P L U S = Y P L l J l  
Y D I F T = Y P L  US-YFAVE 
(JR I N T  I K 
VFR I N T I  K I =UR I N  T I K ) *ALPHA 
A R I N T I  K I=VFR I N T I K  1 /UPLUS 
XNUYI K 1 =At  R H 3 * U R I N T l  K )  
X DEN I Y 1 =RHO 1*UR I N T I  K 
Y ASU=YPL US+Z. O+YO I F T  
DOY =YD I F T / 7  .O 
PSAVF=P 
NNNN=O 
OSAVF=IJPL US 
YSAVE=YPLUS 
VSAVE-VSTRT 
V l l ) = V 1 3 1  

XTNlIM=XTNIJM+l ( XNUM 1 1 ) + 4 . 0 + X N U M l 2 ) + X N U M 1 3  1 ) * l T U D I J 0 3 )  
XTOFY=XTDEh +( I XDENI  1 )+4.0*XIIEN ( 2  I t X D E N f 3  ) *(TODUC)3 I 
VFK\IIIY=VFRNUY + I  I VF'? I NT I 1  1 +4.O+VF R I  NT ( 2  1 + V F R I  NT ( 3  1 1 * TODU03 ) 1 
ALFHAR = AI. FRA? +I I AB I N T  I 1 ) + 4 . 0 * 4 8  I NT 1 2 )  + A B 1  NT 13  1 *TODUO3 1 
X TP 11 T = X TN I JM / X  TO E N 
I IRL<PI= lJRLKP 1 + (  IIJR I N T (  1)  +4.O*URI NT ( 2  + U B I  NT 1 3 )  ) * l T O U U 0 3  1 I 
iJRI KDI.=( 2 . O + l J ~ L K P 1 ) / ( R P C U S * + Z l  
RHO I l = R  H D 1 9  UPL I J  S 
RF= 7. CJ* YPL IJS*I IR L K P L  

PROP TY I YPLIJS. T P L U S )  
44 C D Y T I N U E  

310 P=PCAVF 

D O Y = l Y P L U l - Y S P V F  1 /2.0 

=IJPLIJS* I KPLUS-YPL US) /VSTRT 

43 CDNTIVIJF 

I F  I R I T F 4  1 4 4 4 7  v 6 C 7 4 4 4 2  
4R I T F  I 6.107 I 60 7 YP 1.115. UPLI IS t TPLIJS t UHL K P L  XTPKT AL PHAI RHO1 t K HOJ p RE 

4 4 4 2  I F l R P L l l < - Y P L U S )  3 8  - 3 8  - 5 4  
5 4  XNUYI 1 I =XNIIMl  3 )  

X O E N l 1 ) = X O F N l 3 )  
I J R I N T I  1 )=UR I N T (  3 )  
V F R I N T I  l ) = V F R I N T 1 7 )  
A H I N T I  1 ) = A B l N T l  7 )  
N 4 = N 4 +  1 
GO T J  5 2  

999 WRITE ( 6 . 9 9 9 1 ) N N N N  
9 9 A  C f lVT lN IJF  

1000 C f l Y T  IN l lF  
CALI  STAKT 

RFTIJKY 

3 8 7  
3 8 8  

390 
391 
3 9 2  
3 9 3  
394 
39 5 
396 
3 9 7  
3 9 8  
399 
400 
40 1 
40 2 
40 3 
404 
40 5 
406 
40 7 
40 8 
409 
410 
41 1 
412 
413 
41 4 
4 1 5  
416 
417 
4 1 8  
419 
4 2 0  
4 2 1  
4 2 2  
4 2  3 
4 2 4  
4 2  5 
4 2 6  
427 
42 8 
4 2 9  
4 3 0  
431 
4 3 2  
433 
4 3 4  
4 3 5  
4 3 6  
437 
4 3 8  
4 3 9  
440 
44 1 
4 4 2  

3 8 9  
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CAL CC - F F N  Sll lJKCF STATEYENT - I F N ( S 1  - 
1 0 3  FORMAT( 9G17.5)  
1 0 4  F f l K Y A T l  39H0 CLCICE T f l  THE WALL. SATURATCD. D E L T A = F 1 2 . 6 . 1 0 H  PTEM 

1 0 5  FORMAT(4HHO A W A Y  F R O M  TYE WALL. NClT CATURATFD. C O N S T =  F 1 2 . 6 )  
1 0 6  

6 X .  5HAI. P HA. 7 X .  6HRHORAR. 7 X .  h H  KHf l tU+  9 9 X. ZHRE) 
108 F q R Y A T l 3 3 H O  AWAY F R O M  THF WALL, SATURATED 4G15.71 
110 F O H M A T l 7 0 H L  C I . f l S E  TU THE WALL) 
116 FORMAT(  IHL.SX.7HY+. l l X . 2 H U + . 1 1 X ~ 2 H T + . 1 0 X I 5 H U B L K + . 7 X I A H X T ( P A R T I .  

I P = F l Z . b )  

F3RYAT I 1 HI.. 3 X .  2HY +. 17X.  2!iU+. 10 X .  2 HT+ 9 10 X .SHURLK+ 19 X. R HXT [ PART 1 * 
1 

1 h X  t 5HALP HA 8X v hHR HORAR 7 X .  6ti KHO*U+ 9 9 X 2HR E / 1 H L  ) 
7000 F a R Y A T ( 7 1 H  T P A N S I T I O N  P O I N T  RFACHED I N  NEAR WALL U N S A T r  CONST. AMU 

9991 FORYATIRHL \INYN= 1 5 . 4 2 H  CASE CANNOT RE CONTI’JUED. A T  EFN 5 0 - 3 1 0  
1. YPLIJC.  UPLUS= 4G15.7)  

1 1 
FND 

4 4 3  
4 4 4  
4 4 5  
446 
4 4 7  
4 4  8 
4 4 9  
4 5 0  
4 5  1 
4 5 2  
4 5 3  
4 5 4  
4 5 5  
4 5 6  
4 5 7  

49 



C I R F T C  P R P F T Y  

S U R R f l I J T l N F  P R O P T Y 1 Y . T E M P )  
C 
t R F A l  COYMDN N A M E S  
t. 

C(JYM3N ARWANT. 4 K  . A K F  9 

1 A L K H J  A M t l  AMUF A M U L  . 
2 C A P P 4  . CP C P F C P D .  C P G F  s 
3 OtJS4VF.  D Y S A V F .  E L L  E N  
4 HC. . P R A N O  . P H F  * P S T A  
5 R H O  R H O l  v R H O L  R H O 0  9 

6 R I T E 3  . R I T E 4  R P L U S  S N S L  4 r  
7 T 3  . Tf l .T IME.  T P L I J S  . T S A T  9 

8 I l P L l l S  . WWAYT . X I X T  . 
9 7 M A X T Y  

C 
C I N T F G F R  C' IYMUN N A M E S  
t 

A K O  
AMlJO s 
G P O  . 
E N O T M  
P T E H P  9 

R H O U  . 
STRTTM.  
T T  
X T D E N  

A L F B A R .  
AMlJV 
D A L D Y  
ENSQ 
R 
RHOV 
T B  9 

U B L K P L .  
XTNUM t 

C f l Y Y 3 Y  I T F R Y U S  N R E G I N .  NOH1 TR. N T I M E S  
t 
C L A H F L F D  C 3 M N O N  

C O Y Y O V / S T A T F l  / S T O R E  (50) / S T A T E 2  / ( IN1  TS.COMP.CONV 
C 
C O I M E N S I O N F D  COMMON 
I: 

O I Y F N S I D N  T I T L E ( 1 4 )  

P T F M P = T  
S T O R F (  7 ) = T  
A L P H A =  1. - l l . - A L F C L l  * l I P L U S / U P L C L  

T = T 3 *  I l . - R F T A * T E M P )  

1 1  I F  I D E L T A I  1.7.1 
2 C A L L  V I S C  l T . 9 9 . A M U V )  

C A L L  S P H T  I T . 9 9 . C P V )  
C A L L  T H C D N  l T . 9 9 .  A K V I  
CALL  S T A T E  ( 3 )  
V = S T ' I H E l R l  
RHOV = 1. /V 
ALRHO = A L P H A  t R H f l V  
R H O l  = 4 L P H A  * R H O V  + ( I . - A L P H A )  * R H O L  
CP = C P V  / CPO 
RHO = R H U V  / RHOfl 
AMU = AYIJV I 4MIJO 
AK = A Y V  / AKD 

100 R E T I I R Y  
1 C O N T l N l l E  

I F l S N S L T 4 . N F . O . I  GO TO 107 
106 C A L 1  V I S C  l T . A Y U L * 4 M U V )  

C A L L  S L I T € T I 1 * J 1  
I F l . 1 , F O . l )  GO T n  9999 
C A L I  S T A T E  13) 

A L F C L  9 A L P H A  
B E T A  . BNORY 
D E L T  . D E L T A  
E P S T R  e F O D E N  e 

R E  9 R E O  
R I T E 1  R I T E 2  
T B L K P L I  T I T L E  9 

U B U L K  t J P L C L  v 

X T P R T  Y P L U S  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15  
16 

18 
19 
20 
21 
22 
23  
24  
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43  
44 
4 5  
46 
47 
48 
49 
50 

ir 
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PHPETY - EFN 5flIIRCE STATEMENT - I F N ( S 1  - 
V=5TORFI R )  
Rnnv = i . / v  

107 A I  RHO = ALPHA * KHOV 
R H n l  = At PHA*RHflV+( I . -ALPH41 * RdOL 
A M l I 1  = ALPHA f A q U V  + ( l . - A L P H A )  *AMUL 

111 RHfl = R t i f l l  / RHflO 
A Y l J  = AYIJI / 4Ylll l  
SNSLT4=0 . I  
RETURN 

9999 UR I TFf 6.700 ) TI PSTAT 
200 FflRMAT(40H T OR P OlJT flF RANGE OF CURVE F I T  T= F15 .8 .2HP=F9 .5 )  

A = 1. / 0.  
RFTlJRY 
END 

5 1  
5 2  
5 3  
5 4  
5 5  
56 
57 
5 8  
59 
60 
61 
62 
6 3  
64 

5 1  



*TWO PHASE H2 
ENTRY 
ENTRY 
k N T R Y  
E N T R Y  
ENTRY 
FNTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 

PROPERTIES, 10 ENTRY POINTS, CURVE FITS 
SAT RT 
S A T K P  
S A T  D E N  
V l S C  
S PHT 
DENS 
THCON 
HOVAP 
CPSPG 
DKMU 

C U R F I T  SXA OUT * 1 
S XA OUT+1.2 
S XA OUT+2.4 
ADD TWOAD 
STA RETST 
S L T  1 
TRA *+l 
S L T  2 
TRA *+1 
C L A  5 . 4  
STA S P H N G t 4  
STA *+I 
C L A  ** 
SUR UNEOE 
STCI T E S T G  
C L A  4 14 
STA ++1 
C L A  ** 
SUR ONEDE 

R F T S T  TRA ** 
TFSTG H T K  0 
SATRT C A L  + 

O N E D k  DEC 99 

T R A  C l J R F  I T  
C L A  TRYAO 

D E C  23.0 
DEC 180.9 
D E C  53.0 

T S X  WATPRT.2 

DEC 1 2 0 . 2  
T Z F  NG1 
C L A  4.4 
TRA ST1+1.1 
TRA S T 3  
TRA S T 2  

S T 1  TSX EXPflN.7 

L O L I M  
U P L  IM 
CHEK 1 
C H  EK 2 

1 
3 
4 
5 
6 
7 
0 
9 

10 
1 1  
1 2  

1 3  
14 
15 
16 
17 
18 
19 
2c 
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  

2 9  
3 @  
31 

2 8  

3 2  
3 3  
3 4  
35 
36 
37 
38 
39 
40 
41 
42 
4 3  
44 
45 
46 
47 
48 

52 



DEC 0.184337 
DEC 2 2 . 0 7 3 8 1  

T RA 
STZ TSX 

OFT, 
DEC 
T RA 

ST3 TSX 
DEC 
DEC 
TRA 

NG1 SLN 
TRA 

SATRP G A L  
TRA 
CLA 
TSX 
DEC 
DEC 
OEC 
DEC 

OUT 

0.19762 
20.934 
OUT 
fXPUN.2 
0.204194 
20.318 
OlJT 
1 
OUT * 
TRYAO 
HAT PRT 9 2 
3 8  .o 
59.5 
45 .O 
53.0 

E XPUNt 2 

C lJRFIT 

TZE N G l  
C LA 4.4 
STA PROPE 
L D Q  ARG 
FMP TENTH 
S T O  ARG 
TRA S P l t 1 . 1  
TRA SP3 
TRA SP2 

S P 1  TSX COMPE.2 
O E C  5.42572 
DEC 0.01362 
TRA OUT 

SP2 T S X  CUMPF.2 
OEC 5 . 0 6 0 1 5 4  
DEC 0.0238 
TRA OUT 

SP3 TSX COMPF.2 
DEC 4.8973 

DEC 
TRA 

TENTH DEC 
SATDEN GAL 

TRA 
T ZE 
CLA 
TSX 
DEC 
DEC 

0 .03  1 0 6  
OUT 
0.1 
9 

C U R F I I  
SATDG 
FORAD 
HAT PRT 2 

20.0 
1 8 0 . 9  

EXPONENT 1 
M U L T I P L I E R  1 

FXP Z 
MULTZ 

EX P3 
MULT3 

L D L  I M  
U P L l M  
C H E K l  
CHEK2 

ARG/10 I N  AC 

MULT 1 

EXPZ 
MULTZ 

F X P 3  

MULT3 

U P L  I M  

49 
5c 

51 
52 
53 
54 
5 5  
56 
57 
5 8  
59 
60 
6 1  
62 
63 
64 
65 
66 
67 
68 
69 

70 
71 
72 
73 
7 4  
75 
76 
77 
78 
7 9  
80 
81 
82 
83 
84 
85 
86 
87 
88 

09 
90 
91 
92 
93 
94 
95 
96 
97 
98 

53 



DEC 56.0 
DEC 100.0 
DEC 1 3 0 . 0  
TZE N G l S D  
C LA 4 . 4  
TRA S D L 1 + 1 . 1  
TRA SDL4 
TRA SDL3 
TRA SDL2 

S D L l  TSX QUAD.2 
DEC 0 . 5 7 4 4 E - 4  
DEC - 0 . 0 1 5 6 2 6 9 8  
DEC 4 . 5 9 9 5 6 3 8  
T R A  SATDG 

DEC 0 .583E-5  
DEC - 0 . 9 8 7 8 2 5 E - 2  
DEC 4 . 4 3 9 5 0 3 5  
TRA SATDG 

DEC - 7 . 6 9 1 3 F - 5  
DEC 7 .921E-3  
DEC 3 . 4 4 6 2 6  
TRA SATOG 

DEC - 1 . 8 1 2 5 F - 4  
DFC 4 . 2 2 5 E - 2  
DEC 0.7806 

SDL2 TSX QUAD.2 

SDL3 T S X  Q U A D t 2  

SDL4 TSX QUAD.? 

TRA SATDG 
NGlSO SLN 1 
SATDG CLA TESTG 

TZE OUT 
C L A  FORAO 
T S X  WATPRT.2 
DEC -33.0 
DEC 180.3 
O E C  57.9 
DFC 100.9 
D € C  1 3 0 . 0  
T Z E  NG2 
C LA 5.4 
T R A  S D G 1 + 1 . 1  
TRA 5 0 6 4  
T R A  SDG3 
TRA SDGZ 

I lEC 0 . 9 5 5 2  
SDGl TSX EXPON.2 

D E C  0 . 0 0 6 1 7 3  
TKA OUT 

SDGZ TSX EXPON.2 

CK 1 
CHEKP 
CHEK3 

99 
100 
101 
102 
103 
104 
1 0 5  
1 0 6  
1 0 7  

108 
109 
110 
111 
1 1 2  
1 1 3  
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
1 2 5  
1 2 6  

1 2 7  
128 
129 
1 3 0  
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 5  
136 
1 3 7  
1 3 8  
1 3 9  
140 
1 4 1  
1 4 2  
1 4 3  
144 
1 4 5  

1 4 6  
1 4 7  
1 4 8  
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P I 

OEC 1.08091 
D E C  0.0037331 
T R A  OUT 

DEC 1.0434E-5 
OEC 4.005E-3 
DEC 3.64E-2 
T R A  flUT 

OEC 1.0443326E-4 
OEC -2.1051941E-2 
OEC 1.7052148 
T R A  OUT 

T R A  CUR F I T  
T Z E  V I S G A S  

SDG3 T S X  QUAD.2 

s D G 4  T S X  QUA0.2  

V I S C  C A L  * 

C L A  O N E A D  
T S X  WATPRT.2  
D E C  34.3 
DEC 59.5 
T Z F  N G V I L  
C L A  4.4 
T S X  EXPON.7  
D E C  -1.715 
OEC 0.00427 
T R A  V I S G A S  

N G V I L  SLN 1 
V I S G A S  C L A  T E S T G  

T L F  O U T  
C L A  F O R A 0  
T S X  WATPRT.7 
O E C  0.0 
DFC 900.3 
D E C  90.0 
D E C  200.0 

D E C  
T Z E  
C L A  
S TA  
S T A  
T R A  
T RA 
T R A  
T RA 

V I S G l  T S X  
OEC 
D E C  
DEC 
T R A  

V I  SG? T S X  
OEC 
O E C  

400.0 
N62 

5.4 
M U L T C  
MULTC+Z 
V I  S G 1 + 1 *  1 
V I  564 
V I  SG? 
V I  S G 2  
QUA0.2 
-4.29 h E-4 
0.22244 
-0.43984 
M U L T C  
QUAO.7 
-1.5322E-4 
0.174627 

EX P 
MULT 

149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 

165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 

184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
2 0 0  
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DEC 1 . 5 5 3 1  
T R A  MULTC 

2  01 
2  0 2  

V I S 6 3  TSX QUAD.2 
DFC - 1 . 3 2 6 4 F - 4  
DEC 0 . 1 7 5 0 8 5 8 2  
DEC 0 , 3 8 8 5 5 7 3 9  
TRA MULTC 

DEC - 0 . 3 1 0 3 E - 4  
DEC 0 . 1 0 9 1 3 9 3 9  
DEC 1 0 . 9 3 9 0 9 1  

MULTC LDQ +I 
FMP MULT 
STO ** 
TRA OUT 

V I  SG4 TSX QUAD.? 

MULT OEC 1.OF-7 
SPHT CAL * 

TR4 C U R F I T  
TZE SPHTG 
CLA FORAD 
TSX WATPRT.2 

DEC 25 .0  
DEC 59.5 
DEC 50.0 
D E C  57.0 

TZE NGSHL 
C LA 4.4 
TRA S P H T 1 + l 1 1  
TRA SPHT4 
TRA SPHT3 
T R A  SPHT2 

DFC 7 . 5 9 3 6 5 0 8 E - 6  A 1  
DEC - 0 . 1 3 8 8 3 1 7 5 F - 2  6 1  
DEC 0 . 0 5 9 0 7 0 1 5 9  c 1  
DEC -1 - 3 5 4 6 3 4 9 2  D l  
DEC 1 2 . 8 5 5 7 1 4 2 8  F 1  
T R A  SPHTG 

D E C  59.0 

S P H T l  TSX QUAHT.2 

SPHTZ TSX QUART.? 

DEC 
0 EC 
DEC 
DEC 
DEC 
TRA 

SPHT3 TSX 
DEC 
DEC 
T R A  

0 . 5 2 5 7  143E-.? 
- 1 . 1 1 2 9 1 4 2 8 6  
8 8 . 3 3 5 9 4 2 8 6  
- 3 1 1 5 . 3 8 6 2 8 6  
4 1  1 9 0 . 3 2  
SPHTG 

4 . 3 7 4 2 7  
-2 42 .  O R  19 3 
SPHTG 

L I N E 9 2  

LOL I M  
UPL I M  
CK 
CHK2 
CHK 3  

2  03 
2 0 4  
2 0 5  
2 0 6  
2  0 7  
2 0 8  
2  09 
2 1 0  
2 1 1  
2 1 2  
2 1 3  
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 8  
2 1 9  
2 2 0  
2 2 1  

2 2 2  
2 2 3  
2 2 4  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
2 3 0  
2 3 1  
2 3 2  
2 3 3  
2 3 4  
2 3 5  
2 3 6  
2 3 7  
2 3 8  
2 3 9  
2 4 0  

2 4 1  
2 4 2  
2 4 3  
2 4 4  
2 4 5  
2 4 6  
2 4 7  
2 4 8  
2 4 9  
2  5 0  
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SPHT4 TSX L I N E . 2  
DEC 8.0 
DFC -456.0  
I R A  SPHTG 

NGSHL S L N  1 
SPHTG CLA TESTG 

T Z E  OUT 
CLA F I V A D  
TSX WATPRT.2 

SVNTY DEC 70.0 
OEC. 1 1 0 3 . 0 0  
DEC 1 7 5 . 0  
DEC 270.0  
D€C 4 0 0 . 0  
D E C  700.0 
TZE SPHNG 
C L A  5 .4  
TRA SPTG1+1.1  
TRA SPTG5 
TRA SPTG4 
TRA SPTG3 
TRA SPTGZ 

DEC 7 .031E-5  
OEC -1 - 1 4 3 7 E - 2  
DEC 2 . 9 4 9 9 7 6  
TRA OUT 

S P T G l  TSX QUAD.7 

SPTG2 TSX OUAD.2 

DEC -9 .719E-5  
DEC 5 . 1 1 9 7 9 E - 2  
DEC - 2 . 8 9 7 2 8 3 5  
TRA 3LJT 

DEC - 8 . 9 5 1 3 4 9 E - 6  
DEC 0 . 4 9 9 4 4 0 6 E - 2  
DEC. 3 . 1 8 9 4 3 5 5 9  
TRA OUT 

SPTG4 TSX 01JAD.2 
DEC 4.6E-6 
DEC -5.93F-3 
DEC 5 . 3 9 8  
TRA OUT 

DEC 3 . 4 0 9 3 9 0 9 E - 9  
DEC - 7 . 3 8 6 3 6 3 6 3 C - 5  
DEC 3 . 5 1 3 0  
TRA OUT 

SPTG3 T S X  QLJA0.2 

SPTG5 TSX QU40.2 

SPHNG C L A  ARG 
F S B  SVNTY 
T P L  NG2 

MULT I P L  I ER 
CONSTANT 

U P L I M  
CK 1 

CK 3 
C K 4  

T - 7 0  

2 5 1  
2 5 2  
2 5 3  
2 5 4  
2 5 5  
2 5 6  
2 5 7  
2 5 8  
2 5 9  

260  
2 6 1  
2 62 
2 6 3  
2 64 
2 6 5  
2 6 6  
2 6 7  
2 6 8  
2 6 9  
2 7 0  
2 7 1  
2 7 2  
2 7 3  
2 7 4  
2 7 5  
2 7 6  
2 7 7  
2 7 8  

2 7 9  

2 8 1  
2 8 2  
2 8 3  
2 8 4  
2 8 5  
2 8 6  
2 8 7  
2 8 8  
2 8 9  
2 9 0  
2 9 1  
2 9 2  
2 9 3  
2 9 4  
2 9 5  
2 9 6  
2 9 7  

2 ea 

2 9 8  
2 99 
300 
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CLA 2 P T 4 8  
STO ** 
TRA DOT 

2 P T 4 8  DEC 2.48 
DENS C A L  * 

TRA CIJRF I T  
CLA TWOAD 
TSX WATPRT.2 
DEC 38.0 
D E C  59.0 
DEC 54.0 
TZE NG1 
C LA 4 14 
TRA DF1+1.1  
TRA DE2 

D E I  STA DEPRP 

DENSL L D Q  ARG 
FMP C 1  
F A D  ONE AH(; 
S T 0  POWER 
C A L L  F X P 3 I  POWER~ONTKD)  

XCA 
FMP C2 
F A D  C? 
L D Q  ARC 
S T O  ARG 
FMP C.4 
F A D  AKG 

DEPRP S T f l  ** 
TRA OUT 

Cl UEC -0 .01684 
C2 DEC 3.0360 
C 3  DEC 2.6482 
c 4  nEc -0 .01222 

ONTRD DEC 0 . 3 3 3 3 3 3 3 3 3  
DE2 TSX QIJAD-7 

D E C  -2 .807925E-2 
DEC. 2 .992247 
DEC -76 .407464 
T R A  nu l  

THCON GAL * 
TRA C U H F I T  
T7E TCGAS 
CLA DNFAD 
TSX WATPRT.2 
DEC 30.0 
U€C 56.0 

3 0 1  
3 0 2  
3 03 
3 04 
3 0 5  
3 06 
3 0 7  
3 08 
3 0 9  
3 1 0  
3 1 1  
3 1 2  
3 1 3  
3 1 4  
3 1 5  
3 1 6  

3 1 7  
3 1 8  
3 1 9  
3 2 0  
3 2 1  

3 2 2  
3 2 3  
3 2 4  
3 2 5  
326 
3 2 7  
3 2 8  
3 2 9  
3 3 0  

3 3 1  
3 3 2  
3 3 3  
3 3 4  
3 3 5  
3 3 6  
3 3 7  
3 5 8  
3 3 9  
3 4 0  
3 4 1  
3 4 2  
3 4 3  
3 4 4  
3 4 5  
3 4 6  
3 4 7  
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TZE NGTCL 
C  LA 4.4 

3 4 8  
3 4 9  

T S X  L I N E t Z  
DEC 0 . 2 0 7 5 F - 6  
DEC 1 . 1 5 3 5 6 F - 5  
TR A 'TCG AS 

NGTCL SLN 1 
TCGAS CLA TFSTG 

TZF OUT 
CLA F I V A O  
TSX WATPRT.2 
DFC 0. 
DEC 1000.0 
DEC 84.0 
OEC 227 .0  
DEC 450.0 
DEC 700.0 
TZE NGZ 
C LA 5.4 
S T A  TCMUL 
S T A  TCMUL+Z 

TRA TGPT1+1  .1 
T R A  TGPT5 
TRA TGPT4 
T R A  TGPT? 
T R A  TGPTZ 

DEC 6 . 0 6 6 b 7 E - 3  
DEC 2 .533F-2  
TRA TCMUL 

DFC 1 . 0 1 5 E - 5  
DEC 4 . 4 4 4 7 3 E - 3  
DEC 8 . 5 2 1 5 E - 2  
TRA TCMUL 

DEC -8.3E-6 
DEC 1 . 0 3 4 4 E - 2  
DEC - 0 . 3 1 2 4 8  
TRA TCMLJL 

T G P T l  T S X  L I N E . 2  

TGPT2 T S X  OUAD.2 

TGPT? TSX QUAD.? 

TGPT4 TSX QUAD.2 
DEC 7.OE-7 
DEC 2.86E-3 
DEC 1.23 
TRA TCMtJL 

DEC 3.91E-3 
DEC 0.84 

FMP TENM5 

TGPT5 T S X  L I N E . 2  

TCMLJL LDQ ** 

3 5 0  
3 5 1  
3 5 2  
3 5 3  
3 5 4  
3 5 5  
3 5 6  
3 5 7  
3 5 8  
3 5 9  
3 6 0  
3 6 1  
3 6 2  
3 6 3  
3  6 4  
3 6 5  
3 6 6  
3 6 7  
3 6 8  

3 6 9  
3 7 0  
3 7 1  
3 7 2  
3 7 3  
3 7 4  
3 7 5  
3  7 6  
3 7 7  
3 7 8  
3 7 9  
3 8 0  
3 8 1  
3 8 2  
3 8 3  
3  8 4  
3 8 5  
3 8 6  
3  8 7  

3 8 8  
3  89 
3 9 G  
391 
3 9 2  
3  9 3  
3  9 4  
3 9 5  
3 9 6  
3  97 
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S T 0  831 
TRA OUT 

TENY5 OEC 1.OE-5 
HOVAP CAL * 

TRA C U R F I T  
CLA TKYAD 

DEC 20.0 
DEC 180.0 

TSX WATPRT.2 

DEC 1 1 0 . 0  
DEC 1 5 5 . 0  
TZE NG1 
C L A  4 . 4  
TRA H O V 1 + 1 . 1  
TRA HOV3 
TRA Hf lV2  

DEC - 0 . 6 2 5 7 5  
DEC 2 0 0 . 2 8 5  
TRA OUT 

DFC -5 .388E-3  
OEC 0 . 5 2 8 1 6  
DFC 1 3 7 . 2 7 5  
TRA OUT 

OEC - 4 . 1 7 6 8 6 5  E-2 
DEC 1 2 . 0 9 4 4 2 3  

H O V l  TSX L I N E 9 2  

HOV2 TSX QUAO.2 

HOV3 TSX QUADIZ 

DEC - 7 8 2 . 7 9 0 3 8  
TRA OUT 

T KA C U R F I T  
CLA F I V A D  

DEC 45.0 
DFC 59.5 
OEC 51.0 
DEC 55.0  
DEC 5h.0 
DEC 56.5 
T Z F  NG1 
CLA 4 1 4  
TRA C P S P l t l  ,l 
TRA CPSPS 
TRA CPSP4 
TRA CPSP3 
TRA CPSPZ 

CPSPG CAL 

TSX WATPRTt2  

C P S P l  TSX OUAn.2 
DEC 0 . 0 1 9 9  
DEC -1 - 6 6 4 6 6 7  

3 98 
3 99 
400 
4 0 1  
4 02 
4 0 3  
4 0 4  
405 
4 0 6  

407 
4 0 8  
4 09 
41 0 
4 1  1 
412 
4 1  3 
4 1 4  
4 1 5  
416 
4 1 7  
41 8 
4 1  9 
4 2  0 
4 2  1 
4 2 2  
4 2 3  
4 2 4  
4 2  5 

42 6 
4 2  7 
4 2  8 
4 2 9  
4 3 0  
4 3  1 
4 3 2  
4 3 3  
4 3 4  
4 3 5  
4 3 6  
4 3 7  
4 3 0  
439 
440 
4 4 1  
4 4 2  
4 4 3  
4 4 4  

4 4 5  
4 4 6  
4 4 7  
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DEC 
T RA 

CPSP2 TSX 
DFC 
DFC 
DEC 
TRA 

CPSP3 TSX 
OEC 
DEC 
DEC 
TRA 

CPSP4 TSX 
OEC 
DEC 
T KA 

38 .26  
OUT 
QUAD.2 
0 . 0 8 5 9 5 2 3 8  
- 8 . 5 9 3 6 9 0  5 

OUT 
QUAD.2 
0 . 3 7 9 4 6 4  
- 4 0 . 2 2 0 5 3 6  
1 0 7 1 . 4 1 3 9  
OUT 
L I N E . 2  
7 .774  
- 4 2 6 . 2 8 1  
OUT 

2 1 9 . a 0 9 i i  

CPSPS TSX L I N E . 2  
DEC 2.6 
DEC -133.95 
TRA OlJT 

T R A  CURFIT  
T Z k  MUDIF 
CLA FORA11 
TSX HATPKT.2 
DEC 0.062 
DEC 6 . 2 4  
DEC 0 . 1 5 6  
DEC 0.437 
DEC 0 . 9 3 6  
TZE NCK 
CLA 4 .4  
STA KMUL 
STA s(YuL1.2 
T R A  K D I F 1 + 1 . 1  

DKMU CAL il: 

T R A  K O I F 4  
T K A  K D I F 3  
TRA KDTF2 

DEC 0 .47365  
DEC 0 . 0 4 3 6 8  
TRA KMUL 

DEC 0 . 3 6 9 5 3  
DEC 0 . 0 6 0 4 8  
TRA KMUL 

DEC 0 . 3 2 5 6 1  
DEC 0 . 0 7 7 9 5  
TRA KMUL 

K D I F l  TSX L I N E 9 2  

K D I F 2  T S X  L I N E 9 2  

K D I F 3  TSX L I N E . 2  

K D I F 4  TSX QUAD.2 
DEC 0.0178 

4 4  8 
4 4 9  
4 5 G  
4 5 1  
452 
4 5 3  
4 5 4  
4 5 5  
4 5 6  
4 5 7  
4 5 8  
4 5 9  
4 6 G  
4 6 1  
4 6 2  
4 6 3  

4 6 4  
4 6 5  
4 6 6  
4 6 7  

THE I S 2  AIGUMENTIRHO)  I N  THF C A L L I N G  4 6  8 
4 6 9  

( U - U t I  I S  C3MPUTED. L N  RHO W I L L  4 70 
BE I Y  THE P - A C E  J f  7 H D .  4 7 1  

4 7 2  
4 7 3  
4 7 4  
4 7 5  
4 7 6  
4 7 7  
4 7 8  
4 7 9  
4 8 0  
48  1 
4 8 2  

4 8 3  
4 8 4  

4 8 6  
4 8 7  
4 8 8  
4 0 9  
4 9 0  
4 9 1  
4 9 2  
4 9 3  
4 94 
4 9 5  
4 9 6  
4 9 7  
498 
4 9 9  

4 8 5  
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. . .... 

DEC 0 . 2 7 4 7  
DEC 0 . 1 1 1  

5 0 0  
5 0 1  

KMUL LDQ ** 
FMP TFNM5 
STU ** 
TRA MUDIF 

M U O I F  CLA TESTG 
T I E  OUT 
CLA FORAD 
TSX H A T P R T t 2  
DEC 0.062 
D E C  4 .87  
DFC 0.75 
DEC 2.1R 
D E L  3 .06  
TZE NC.2 
CALL  ALOG(ARG1 

NGK SLN 1 

L X A  OUT + 2 . 4  
STO A R G  
C LA 5.4 
TRA D M U 1 + 1 * 1  
TRA 3iqU4 
TRA DMU3 
TRA OMU2 

DEC 1 . 5 0 4 0 6  
D E C  - 1 5 . 1 7 4 8 1  
T R A  LNDMU 

DEC 0 . 0 5 6 3 5 7  
D E C  1 . 6 5 5 0 4  
OkC - 1 5 . 1 3 5 7  
T R A  LNOMU 

OEC - 0 . 4 6 5 0 3  

DMUl  T S X  L I N E . 2  

DMUZ T S X  Q?)AD,2 

DMU3 T S X  QUAO.2 

DEC 7 . 9 4 3 5 1  
U E C  - 1 5 . 8 2 4 3 2  
T R P  LNOMlJ 

D E L  6 . 0 9 8 3 2 5 1  
OEC - 1 2 . 4 3 3 2 2 7  
O E C  - 6 . R 7 3 4 4 0 1  

CALL  EXP(POWFR1 

DMU4 T S X  OUAD.2 

LNOMU S T O  POWEH 

L N ( U - l J * )  I N  ADORtSS OF 3 . 4  

5 0 2  
5 0 3  
504 
5 0 5  
5 0 6  
5 07 
5 0 8  
5 G9 
5 1 0  
5 1  1 
5 1 2  
5 1 3  
5 1 4  
5 1 5  
5 1 6  
517  

5 1 8  
5 1 9  
5 2 0  
5 2 1  
5 2 2  
523  
5 2 4  
5 2 5  
5 26 
5 2 7  
5 2  8 
5 2 9  
5 3 0  
5 3 1  
5 3 2  
5 3 3  
5 3 4  
5 3 5  

5 3 6  
5 3 7  
5 3 8  
5 3 9  
5 4 0  
5 4 1  
5 4 2  
5 4 3  
5 4 4  
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L XA OUT +2.4 

TRA OUT 
ONE DEC 1.0 

WATPRT PAX 0.1 

STO* 5.4 

ADD TWOAD 

STA R E T R N i 1  

STO AKG 

TRA *+3 
TRA P T 1  
TRA GORAK 
CAS 2 .2  
TRA GORAK 
TRA *+1 
TNX P T 1 . l . l  
CAS 3.2 
TUA ++3 
TRA P T 1  
TRA P T 1  
TNX PT2.1.1 
CAS 4.2 
T R A  ++3 
TRA P T 2  

CLA*  '3.4 

CAS 1.2 

TU4 P T 2  
TNX PT3.1 .1  
CAS 5 1 2  
TRA *+3 
T R A  P T 3  
I R A  P T 3  
TNX PT4.1  1 
CAS 6.7 
TRA PT5 
TRA P T 4  
TRA PT4 

TKA UETKN 
P T 5  CLA F I V P D  

TK4 RETRQ 
P T 4  CLA F f lKAU 

TR4 K k r R N  
PT3 (:La T9Y41) 

TRA Kt:Tri,V 

GORAK CLA ZERO 

P T 2  L L A  TYUAIJ 
TKA HETRN 

PT1  CLA ONEAD 

N TO INOFX 1 
N +2 

L O L  IY 

L f l L I Y  = ARG 
L O L I Y  GREATER THAN +RG 
LJPL IY 
AKG G K E A T E i  THAV U P L I M  
OK 
UK TEST I V  I F  N = l  GO TI) P T 1  
TFST R R l  V = ' l - l  
6 K 1  L E S S  THAN A I G  
B R 1  = 

OK 

GREATEi  1HAY ARG 
I F  N - l = l  THEN U - 2  ARG I N  P T 2  
TEST RR2 V=N-2 

TEST RR3 N = Y - 3  

TEST 6 R 4  ' 4 4 - 4  

5 4 5  
5 4 6  
5 4 7  
5 4 8  
5 4 9  
5 5 0  

5 5 1  
5 5 2  
5 5 3  
5 5 4  
5 5 5  
5 5 6  
5 5 7  
5 5 8  
5 5 9  
5 6 0  
5 6 1  
5 6 2  
5 6 3  
5 6 4  
5 6 5  
5 6 6  
5 6 7  
5 6 8  
5 6 9  

5 7 0  
5 7 1  
5 72  
5 73 
5 7 4  
5 7 5  
5 7 6  
5 7 7  
5 7 8  
5 7 9  
5 8 0  
5 8 1  
5 R 2  
583 
5 8 4  
5 85 
4 86 
5 117 
5 Q R  

-* I3 Y 
SYC 
5 9 1  
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R F T R N  P A X  0.1 
I R A  1 9 2  

O N F A D  DEC 1 
TWOAD DEC 2 
TRYAO DEC 3 
F O R A D  DFC 4 
F I V A D  O E C  5 

Z E R Q  H T R  0 
NG2 S L N  2 

O U T  A X T  * * .1  
A X T  * * 1 2  
A X T  * *e4  
TRA 1.4 

Q U A 0  S T A  PRDQD 
COMOD L D O  ARG 

F M P  1.2 

F A D  2 9 2  
XCA 
F M P  ARG 
F A D  3.2 

TRA 4.2 

C U M L N  L D Q  ARG 
F M P  1.2 

PROOO S T O  ** 
L I N E  S T A  P R O L N  

F A D  2.2 

TRA 3.2 
P R O L N  S T O  *+ 

Q U A R T  S T A  PRQTC 
C O Q R T  L D O  1.2 

F M P  ARG 

XCA 
F M P  ARG 

F A D  2.2 

F A D  3.2 

AT 

A T + 0  

( A T + B I T  

MX 
k X  + B  

A 
AT 
AT +I3 

( A T + B I T  
+C 

XCA 
F M P  AKG 

XCA 
F M P  ARG 
F A D  5 .2  

TRA 6.7 

F A D  4 1 2  

PRQTC S T O  ** 
F X P O N  S T A  PRDPE 

COMPE C L A  1.2 
S T O  PDWER 
C A L L  F X P 3  I ARG. POWER I 

l ( A T t B l T + C l T  
+ D  

+ E  

5 92 
5 9 3  
5 9 4  
5 95  
5 9 6  

5 9 8  
5 9 9  
6 0 0  
6 0 1  
6 0 2  
6 0 3  
6 0 4  
6 0 5  
6 0 6  
6 0 7  

5 9 7  

608 
6 0 9  
6 1 0  
6 1  1 
6 1 2  
6 1 3  
6 1 4  
6 1 5  
6 1 6  
6 1  7 
6 1 8  
6 1  9 
6 2  0 
5 2 1  
6 2 2  
62 3 
6 2 4  
62 5 
6 2 6  

6 2 7  
6 2 8  
62  9 
6 3  0 
6 3  1 
6 3 2  
6 3 3  
6 3 4  
63  5 
6 3  6 
6 3 7  
6 3  8 
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L X A  OUT+2.4 
XC A 

F M P  2.2 

THA 3.2 
PROPF S T U  99 

POWER PZE 
A R G  H T R  n 

* L D l K  

END 

03/?7/67 000441 PAGE 44 

MULTPL I E K  

639 
640 

641 
642 
6 43 
5 44 
645 

546 
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Wall Buk 'Temper- Quality, Desired Desired Bulk Heat- Analytical Analytical Experimental Experimental Reynolds 
emper- temper- ature x mean mass velocity, transfer heat flw, heat-transfer heat-flux, heat-transfer number, 
ature, ature, differ- volume flow ub, parameter, %,anal, coefficient, coefficient, -0 

Heatflux 
ratio, 

go,eal 

.525 

.5612 

.e644 

.6860 

.I385 

.I810 
,9179 
.9314 
,8383 
.9054 

.9416 
,9643 
,9751 
.9825 ----- 

0.0803 0.116 
,0800 ,120 
.0285 ,871 
,0774 ,519 
,0614 ,474 

,0614 ,469 
,0428 ,438 
,0425 .430 
.0308 .497 
,0310 .536 

.0310 ,592 
,0309 .632 
.0310 .654 
,0308 ,666 
---- - ---- 

TABLE I. - INPUT AND OUTPUT RESULTS OF ANALYTTICAL PROGRAM FOR LOW-PRESSURE HYDROGEN FILM-BOILING MIST FLOW AND COMPARW)N WITH EXPERIMENTAL DATAa 

(a) U.S. Customary units. 
1 

RUn 

inlet, 
in. 

number 

0.76 
.76 
.45 

1.34 
1.21 

1.20 
1.12 
1.09 

.83 

.90 

.98 
1.05 
1.08 
1.11 
---- 

1802 7.4 
1802 8.4 

' 1805 7.4 
2001 9.4 
2002 7.4 

2002 8.4 
2003 9.4 
2003 10.4 
2203 2.9 
2203 4.4 

2203 5.9 
2203 7.4 
2203 8.4 
2203 9.4 
2208 1.4 

, 
0.235 , 0.00111 33164 

I 
256.1 43.9 212 .2  0.055 0.523 0.117 158.5 0.05744 0.525 'b.1171 0.1789 0.00084 
252.7 43.7 
246.8 1 39.8 
414.5 45.1 
421.8 44.5 

419.2 44.2 
422.6 42.2 
419.5 41.8 
675.2 44.8 
678.0 44.5 

681.2 44.2 
671.6 43.7 
676.4 43.3 
674.7 ' 42.9 
681.3 ---- -- 

209.0 ,062 
207.0 . E 4  
369.4 ,119 
377.3 .140 

375.0 ,166 
380.4 , ,323 
377.1 I ,356 
630.4 .240 
633.5 ,355 

637.0 ,468 
633.9 ,581 
633.1 ,656 
631.8 ,724 
----- ---- 

,5592 ,111 
,8627 .063 
,6842 ,170 
,1389 ,136 

,1809 . 136 
,9175 .094 
,9314 ,094 
,8401 ,068 
,9048, .068 

,9410 .068 
.9639 ,068 
,9748 ,068 
,9826 .068 
- - - -- - - - - 

110.6 
162.2 
219.2 
204.2 

234.4 
335.9 
381.9 
148.4 
210.0 

276.6 
353.0 
411.4 
472.9 
-_--- 

.0710 
,05910 
.1216 
.1266 

,1193 
.1107 
,1057 
.1663 
,1483 

.1389 
,1311 
.1268 
,1230 
__--_ 

,56121 ,1764 ,1850 
,8644, .0628i . lo35 I 
,68601 ,1706 ,8003 ' 
,7385 ,1354 ,7312 

.7810' .1354 ,1231 
,9119 ,0944 .6755 
,9314 ,0936 ,6627 
,8383 ,0680 ,1664 
.go54 ,0683 ,8268 

.9416 ,0683 .9130 

.9643 I ,0682 .9758 
,9751 1 .0683 1.0088 
.9825 ,0678 1.0261 _ _ _ _ _  _ _ _ _ _  _---_- 

,00086 .235 
.00050 ,231 1 
,00194 .603 ' 

,00193 .603 
.00178 .606 
,00115 ,606 
.00122 .927 
.00131 .927 

.00143 .927 
,00154 ,927 
.00159 ,927 
,00163 ,927 

.00217 .597 I 

------ ---- 

.00113 

.00112 
,00162 
,00160 

.00161 

.00159 

.00161 
.00147 
.00146 

,00146 
.00146 
.00141 
,00147 

36004 
22468 
23870 
20480 

23195 
26336 
28902 

7121 
9757 

12292 
15033 
16807 
18430 
----- 

(b) SI units. 
RUn 

lumber 
__ 
Len@ 
from 
inlet, 
cm 

- 
Wall 

Input Experimental - 
'eat flux 
ratio, 

b,eal 
b, exp 

- 
B U k  

!mper- 
tture, 

Tb' 
4r 

emper- 
ature 
iffer- 
ence, 
AT, 
OK 

Nesired 
mean 
olume 
raction 
vapor 

aW 

XI - 
- 
0.523 

,5592 
,8627 
,6842 
.I389 

,7809 
,9175 
,9314 
.e401 
.go48 

.9410 
,9639 
,9748 
.9826 
---_- - 

esired 
mass 
flow 
rate, 

WWI 

- kg 
see 

,0804 
,0804 

- 

?ynolds 
unber, 

-0 

- 
33164 
36004 
22468 
238'70 
20480 

23195 
26336 
28902 

1121 
9757 

12292 
15033 
16807 
18430 
----- - 

xperimental 
heat flux, 

%, exp' 

(cm2)(sec) 

J 

:xperimental 
ieat-transfer 
coefficient, 

hexp* 

cm2)(sec)(% 

J 

Analytical 
eat-transfer 
oefficient, 

'0, anal' 

m2)(sec)PK) 

J 

temper. 
ature, 

TO* 
~ OK 

.- 
see 

1802 18.8 142 
1802 21.3 141 
1805 18.8 137 
2001 23.8 231 
2002 18.8 235 

2002 21.3 233 
2003 23.8 235 
2003 26.4 233 
2003 7.3 375 
2003 11.2 377 

2003 14.9 318 
2003 18.8 377 
2003 21.3 376 
2003 23.8 375 
2008 3.5 379 

~Experimental data fron 
--- 

24.4 
24.3 
22.1 
25.1 
24.7 

24.6 
23.4 
23.2 
24.9 
24.7 

24.6 
24.3 
24.1 
23.8 
---- - 
!f. 1. 

118 
116 
115 
205 
210 

208 
211 
210 
350 
352 

354 
352 
352 
351 
--- -- 

0.055 
.062 
.064 
.119 
,140 

,166 
. 323 
.356 
,240 
.355 

,468 
.581 
.656 
,724 
---- - 

52.0 ~ 0.05144 
55.8 . o n 0  

0.00098 
.00100 
,000584 
,00253 
,00226 

,00225 
.00208 
,00204 
.00142 
.00153 

.00167 

.00180 

.00188 

.00189 
-----_ 

0.152 
.152 
.150 
,387 
,391 

.391 
,393 
,393 
.601 
.601 

.601 

.601 
,601 
,601 
-__-- 

0.76 
.76 
.45 

1.34 
1.21 

1.20 
1.12 
1.09 

.83 

.90 

.98 
1.05 
1.08 
1.11 ---- - 

0.00130 
.00132 
,00131 
.00189 
.00187 

.00188 
,00186 
.00188 
.001?1 
. 00110 

.00170 

.00110 

.00111 

.00171 _-___- 



2 5 

0.614 
(0. 398) 
1.016 

0.628 
(0.407) 
1.04 

___. 

1.114 
(0 .  738) 
1.20 

. .  

. 

1.003 
(0.650) 
1.08 
.~ ~ 

- .. 

Equilib- 
rium 

- ~____ 
Analytic 
quality, 

0.18 0.081 

t 

TABLE II. - EFFECT O F  DROPLET DISTRIBUTION PFXIFILE ON HEAT TRANSFER 

[Profile is expressed as a2 /a2 ,  cL = ( ~ / r ) ' / ~ ]  

I Heat flux 

7 

. .  

%n 1, Btu/(sec)(in. 2, 

L a d q e x p  

2 (J/cm -sec) 

- .. . 

.. 

0.56 
(0.  363) 

. 9 3  

0.689 1 0.686 0.648 0.642 
(0.416) 
1.06 

'I 1 
0.988 ! 

1.065 

~~ 

0.988 
(0.640) 
1.065 

1.055 
(0.684) 
1.137 

1.190 
(0. 771) 
1.284 

TABLE III. - COMPARISON O F  QUALITIES CALCULATED FROM ANALYTICAL PROGRAM 

WITH THOSE BASED UPON EQUILIBRIUM-HOMOGENEOUS MODEL 

-- .-- ,- Radius Mass flow 
R, ! rate, 
in. I '  

! w  

- 

Mean 
volume 
fraction, - 

Q 

. 

Pressure,  Wall  tem- 
Px I j perature, 

: To 

Equilib- 
rium 

minus 
analytical 

quality, 

Xeq - Xanal 1- 0.857 I 0.813 
OR 

680 

6 80 

OK 

378 

378 

in. 

D. 25 

cm 

0.635 

N/cm: 

68.9 
. 

96.5 

psia 

100 
__  

0.975 
.944 
.807 
.468 

0.937 
.789 
.625 

0.764 
.591 
.406 

~~ 

. _- 

_I_- 

0.044 
.055 
.126 
.0065 

0.099 
.062 
.025 

.492 
.113 

.313 

.239 

140 D. 25 0.635 

-. . 

0.426 170 

.~ 

117 D. 1675 0.092 
.052 
.008 
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Figure 1. - Typical plot of dimensionless velocity and temperature as function of dimensionless distanc 
Run 1802; length from inlet, 8.44 inch  (21 .4m"ata  from ref. 1). 
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Figure 2. - Comparison of heat f lux predicted for analytical program with experim ntal t data from reference 1. Pressure, 45 pounds per square inch  absolute (31 Nlcm 1. 
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Figure 3. - Variation of heat-transfer parameter as 
function of transverse velocity to bulk velocity 
ratio. (Data from ref. 1.) 
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Figure 4. - Variation of product of dimensionless velocity and dimensionless distance at 
t ransi t ion from wall to core region as function of ratio of transverse velocity to bulk 
velocity. 
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i m 
" 0 (a) Pressure, 100 pounds per square inch absolute (68.9 Nlcm'); run 3-1143 from reference 1. 
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u z (b) Pressure, 140 pounds per square inch absolute (96.4 Nlcm'); run 2-1152 from reference 1. 
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(c) Pressure, 170 pounds per square inch absolute (117 Nlcm'); run 8-203 from reference 1. 

Figure 5. - Comparison of experimental and analytical heat-transfer coefficients as function 
of quality. 
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Figure 6. - Comparison of qualitycalculated from the analytical program with the quality 
based upon equilibrium-homogeneous model. 
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Figure 7. - Typical plot of ratio of experimental 
heat-transfer coefficient to corresponding 
value calculated from Dittus-Boelter equation 
using fi lm properties evaluated at f i lm tem- 
perature and f i lm void given by coefficient C. 
Length from inlet, 7.4 in. (18.8cm); run 
2203 from reference 1. 
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Figure 8. - Comparison of analytical and ex- 
perimental values of f i lm coefficient as 
functions of bulk void at various t e  pera- 

flow rate, 0.1 pound per second (0.045 
Kglsec); radius, 0.1565 inch  (0.398 cm). 
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Figure 10. - Effect of tube radius on analytical f i lm coefficient. Mass 

680" R (378" K). 

flow rate, 0.1 pound per second (0.045 Kglsec). 
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Figure 11. - Effect of tube radius and pressure on experimental f i lm coefficient. 
(Data from ref. 1.1 
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Figure 12. - Effect of pressure on analytical f i lm coefficient. Wall 
temperature, 680" R (378" K); mass flow rate, 0.1 pound per 
second (0.45 kglsec); radius, 0.5156 inch (1.31 cm). 
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